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SUMMARY

A computer program is developed to solve the compressible, laminar boundary-layer

equations for two-dimensional flow, axisymmetric flow, and quasi-three-dimensional flows

including the flow along the plane of symmetry, flow along the leading-edge attachment line,

and swept wing flows with a conical flow approximation. The finite-difference numerical

procedure used to solve the governiug equations is second-order accurate. The flow over a

wide range of speed, from subsonic to hypersonic speed with perfect gas assumption, can be

calculated. Various wall boundary conditions, such as wall suction or blowing and hot or

cold walls, can be applied.

The results indicate that this boundary-layer code gives velocity and temperature profiles

which are accurate, smooth, and continuous through the first and second normal derivatives.

The code presented herein can be coupled with a stability analysis code and used to predict

the onset of the boundary-layer transition which enables the assessment of the laminar flow

control techniques. A user's manual is also included.
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NOMENCLATURE

A,B

a,b

C

C*

C

C f,:

Cyv

Cp

E

F

G

g;

H

hi, h2

i,j,k

K

K,, K2

I(12, ](21

1

M

7_1, ", T/_13

stagnation point velocity gradients

major and minor semiaxis lengths of tile ellipsoid of revolution

PtL/Pett_

B/A

p_/p or chord

skin friction coefficient ill the x-direction based on the edge condition,

Eq. (8:3) or Eq. (84) or Eq. (85a)

skin friction coefficient in the y-direction based on the edge condition,

Eq. (85b)

Pressure coefficient

specific heat

H/H 

U/_te

F

v/V_4 or 'vy/_'¢4

G

total enthalpy

metric coefficients in the x and y coordinates, respectively.

indices in the x, y, and z direction, respectively

coefficient of thermal conductivity(= %#/Pr)

geodesic curvature of the curves y = const, and x = const., respectively,

Eq. (5)

parameters defined in Eq. (6)

length scale (to be used by the stability analysis codes)

Mach number

coefficients, defined in Eqs. (55),(61),(63),(68),(70)
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N

nl _ F/2_/23

p

Pr

F

q_

T

_l_ U_ ZU

Vy

rye

V

X_y,Z

x_y,z

X l, yt

X

logarithmic disturbance amplification ratio

coefficients defined in Eqs. (55),(61),(63),(68),(70)

pressure

Prandtl number

radius measured from the center of rotation for axisymmetric body (Fig. 1)

heat transfer at the wall, Eqs. (89)-(91)

arc length measured along x direction (fi'om x = 0).

temperature

velocity components in the x, y, and z directions

&lay

OvelOy

total velocity

boundary-layer coordinates

Cartesian coordinates for wing definition, Figs. 3, 4, 5.

reference rectangular coordinates

distance measured along the chord line (X/c = 1 at the trailing edge)

angle of attack

7 ratio of specific heat

Ax, £xy, ACgrid spacing in the x, y, _" directions, respectively.

6

6"
32

g

0

t¢

A

boundary-layer thickness; (z) v/ts=0.99s

displacement thickness in x-direction, defined in Eq. (87) or (88a)

displacement, thickness in y-direction, defined in Eq. (88b)

transformed normal coordinate, Eq. (40) or Eq. (43) or gq. (4.5)

angle between x and y coordinates

ZXi(k + l)/ZXi(t'), or c,,rvat,,,'e

sweep angle

°°°

VIII



_2

#

l]

P

subscript

aw

le

8

t

W

X

Y

O0

superscript

leading-edge sweep angle

trailing-edge sweep angle

viscosity

kinematic viscosity, tt/p

density

azimuthal angle, 0 and 7r on the windward and leeward plane of symmetry,

respectively, see Fig. 2

or stretching variable for an airfoil, cos-l(1 - X/c), Fig. 6

adiabatic wall

edge of the boundary-layer

leading-edge

stagnation point or stagnation line (leading-edge attachment line)

total

wall

partial differentiation with respect to .r

partial differentiation with respect to 9

partial differentiation with respect to (,"

free stream

ordinary differentiation with respect to (
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PART I. NUMERICAL METHOD

1. INTRODUCTION

Over the past decade, the major emphasis in computational fluid mechanics has focused

on numerically solving the Euler and Navier-Stokes equations for increasingly complex aero-

dynamic shapes. Navier-Stokes solutions, however, are generally much more expensive to

obtain in terms of computer resources than the boundary-layer solutions, and while capable

of simulating the physics of complex flows, they are often of low resolution due to grid point

restrictions. Therefore, Navier-Stokes solution may not be adequate for the stability analy-

sis which requires accurate solution inside the boundary layer. Furthermore, Navier-Stokes

solutions are not essential for many design and analysis procedures.

Renewed emphasis on drag reduction [1], laminar flow control [2], and transition pre-

diction [1] has indicated the need to develop boundary-layer software that can be routinely

applied to aerospace vehicles at a fraction of the cost associated with solutions obtained from

the thin-layer Navier-Stokes equations. Research at the NASA Langley Research Center has

resulted in the developnlent and verification of three-dimensional boundary-layer procedures

[3] [4] for application to aerosi)ace configurations.

In preliminary design, especially for the design of the laminar flow control wing, empe-

nage, nacelle, or fuselage, it is convenient to use simplified two-dimensional or axisymmetric

or quasi-three-dimensional flow calculations to limit computation expense. A boundary-layer

code for the application to swept-back and tapered wings developed by Kaups-Cebeci [5] has

been used for the design of a laminar flow control wing. This boundary-layer code, however,

can only solve subsonic and swept-back wing flow with a spanwise conical flow approxima-

tion. Also, this code yields discontinuous first and second normal derivatives of the velocity

along with an oscillatory skin fl'iction coefficient for some flow cases, especially when suction

is applied.



In this report, an efficient, second-orderaccurate, finite-difference method is used to

solve the two-dimensionalor axisymmetric or quasi-three-dimensional,compressible,lami-

nar boundary-layerequations. The quasi-three-dimensionalflows consideredin the present

report include flow along the planeof sylmnetry, flow along the leading-edgeattachment

line, and sweptwing flows with conical flow approximations. The swept wing case includes

swept-back tapered wings and swept-forward tapered wing with a spanwise conical flow as-

sumption, and swept-back delta (low aspect ratio) wings with a streamwise conical flow

assumption which is more appropriate for the flow over a low aspect-ratio wing.

Results are presented for several test cases. This method was used for the boundary-layer

stability analysis of axisymmetric laminar-flow-control nacelles [6] and of the flow along the

leading-edge attachment line [7]. The method is valid for p,erfect gas flows from subsonic to

hypersonic Mach numbers. Interaction between the inviscid and viscous flow is not included.

A user's manual with a detailed description of the computer program for the boundary-layer

analysis is presented in PART. II.
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2. BOUNDARY-LAYER EQUATIONS

Three-dimensional, colnpressible, laminar boundary-layer equations (in dimensional form)

for the general nonorthogonal body-oriented coordinate system, from which the governing

equations for two-dimensional, a.xisynametric, and quasi-three-dimensional flows are derived,

are as follows [3], [S], [9]:

continuity equation

0 0
@ (pwhlh2 sin0) =

& (puh2 sin O) + ay (pvhl si,,O) + -_z
0 (1)

z-molnentum equation

pu Ou pv 0u 0u

h--70--TT+ h--_O-yg+ PW--_z pu2K, cot 0 + pv 2K2 csc 0 + puvK,,

csc 20 Op cot. 0 csc 00p if___. Ou- h, Ox + h2 Oy + z (t_-_z) (2)

y-momentum equation

pu Ov pv Ov Ov

h,_oN + h_0-7+ pw_ pv_K_cot0+ p_,'/(xcsc0 + p,_,_K_,

cot0csc00p csc 200p 0 Or)
- h., Oz h2 Oy + -g-_z(tLOz

(3)

energy equation

puOH pvOH OH 0 { tt OH 1 0 ___ }h,--_O---_r.+ h.-_O--gd+ p w Oz - Oz P r Oz + it(1 - _--_r)_-_z( . ) (4)

The metric coefficients h, and h2 are functions of z and y. Theta, 0, is the angle between the

x and y coordinates. The parameters K, and K2 are the geodesic curvatures of the curves

y = const and x = const resi)ectively , where

} .. s,nOK1- h,h2sinO (h2cos0) Ohl 1- 0--Ta' _c__ (h,cosO)-

and

(5)

1 {IxK,2 -- hlh2 sin 2 0

1 {(1I_21 = /qh.2 sin 2 0

Oh, 0 Oh2 I+ cos_O)--_j - 2cos
,I

+ cos :a0) 0h2 oOhl }0-T - _cos (6)



V is the total velocity and is given by

V = (It 2 qt_ U2 -iV 2ltU COS O) 1/2 (7)

The boundary conditions are

= _, _,= _.(x,y), ¢,= _¥(x,y), H =//_ (8.a)
oH

z=O, u=v=O, w=ww, H=H_,, or (--O_-z)'°z=0 (8.b)

The pressure gradients are related to the inviscid velocities by the following equations at the

edge of the boundary-layer:

zte OUe t'e OUe ',t2eA'l cot 0 -}- v_h'2 csc0 -t- ueve/£12}P_ h_ 0:_--7 + h,2 0y

csc 0 Op cot 0 csc 00p
- +

Ill Ox h2 Oy

P_ V,0:,-7+ 1Zo-_j- dn_cot0 + ._u, c_c0+ ,.,,d,'_,
cot. 0 csc 00p csc 2 00p

h.l Ox h2 Oy

(9.a)

(9.b)

• 'SThe perfect gas equation of state and Sutherland, viscosity are used to close the equation

set.

2.1 Stagnation Point

To obtain the boundary-layer solutions at the three-dimellsional stagnation point, the

governing equations for three-dimensional laminar coml)ressible flows in Cartesian coordi-

nates are required and call be obtained by setting hi = 1, h2 = 1, and 0 = _r/2 in Eqs.

(1)-(4).

continuity equation

x-momentum equation

0
0 (p.)+ (pv)

8
+ -x-(pw) = 0 (10)

Oz-

4

Ou Ou Ou Op 0 Ou

pu--_x + pVV_y + pW Oz - O--_"+ -_'.(t'--_z) (11)



y-momentum equation

Ov Ov Ov 0l) 0, Ov

energy equation

(12)

where

OH OH OH O { # OH 1,0 [/2}pU-_x + pv_ + pw Oz - c)z Pr Oz + #(1 - T_-r)_-_-z(-Z) (13)

V = (u + v) 1/2 (14)

The boundary conditions are

z = 5, u = u_(x,y), v = v,(x,y), H = H_ (15.a)

OH

z=0, u=v=0, .w=w_,, H=H_ or (-0-_-z)_=0 (15.b)

2.2 Two-dimensional and Axisylnmetric Flow

The boundary-layer equations for two-(limensional and axisymmetric flow can be obtained

from Eqs. (1)-(4) by substituting 0 = _/2, v = 0, h._ = 1, h2 = r j (j = 0 for 2-D flow; j = 1

See Figure 1 for the coordinate systeln for 2-D and axisymmetricfor axisymmetric flow).

flow.

continuity equation

x-momentum equation

energy equation

where

io(p,,,.j) + = o (16)
,: 2

Ou Ou Op O Ou) (17)
pu_ + pW Oz - Ox + -:_z(# Oz

OH OH O { tl OH 1 O V 2 }pu-:_ x + pw--_z _ + t,(1 - (18)' z Oz P,. i_)z _ )-:_z (-2-)

V = u (19)
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The boundary conditions are

z = 5, u = u_(a'), H = He (20.a)

OH

= o, _,= o, _,,= w_, H = H_ o_ (_2)_ = 0 (20.b)

The pressure gradients are related to the inviscid velocity by tile following equation at the

edge of the boundary-layer:

due dp
- (2J)

Pdt_- d x d x

2.3 Flow along Plane of Synnnetry and Along Leading-Edge Attachment Line

Along the windward and leeward l)lane of symmetry and along the leading-edge attach-

ment line, v and K1 csc 0 are zero and 0 is generally zr/2.( 0 is retained for the general system)

Consequently, each term in the y-momentum equation(Eq.(3)) vanishes. However, partial

differentiation of Eq. (3) with respect to y yields an equation for Ov/Oy. After differentiation

and using the appropriate symlnetry conditions (Ou/Oy = Ow/Oy = 02v/Oy _ = OH/Oy =

Oh_/Oy = Oh2/Oy = 0) along with Eq. (9), the governing equations for the flow along these

lines become (See Figure 2 for the coordinate system.):

continuity equation

0 c')
(pul_2 sin 0) + p vvb_ sin 0 + @(pwh, lh.2 sin 0) = 0

Ox (/Z

x-molnentum equation

pu 0u 0u

y-momentum equation

pu 0t, u &,_

hi Ox + pw_

( ,e Ov._e
= pe, h.l Ox

energy equation

(22)

0u_ 0 . 0'O,

u_I,', cot O) + _-7-(#w-) (23)- - p,2lQ col 0 = p_( hi 0.t" zuz Oz

P 2 pu20(Iil csc0)+ --v + puvvI(21 +
h2 y Oy

,,_ _,_o(i_ cscO) 0. 0_
---- + 1-772+ ,.e_,._I,_,)+ pe e oy + _(_'-b-7 )

O f p OH

Oz _ Pr Oz

6

10(V 2 }+ tt(1 - _rr)_- 7 2 )

pu OH OH

h.--[Oa--7 + pw Oz

(24)

(25)



where vy = Ov/Oy, vy_ = Ov¢/?)y and 17 = u along these lines.

The boundary conditions for the plane of symmetry are

z=,5, u=u_(x), vy=1)yc, H=It_ (26.a)

OH
z=O, u=v=1)u=O, w=ww, H=Hw or (_--Z-2-)w=O (26.b)

uy

2.4 Swept Wing Flow

The governing equation for a three-dilnensional compressible laminar flow in a polar

coordinate system with conical flow assumption (()p/Ox = 0) can be obtained by substituting

hi = 1, h2 = x, 0 = re/2 fi'om the equations (t)-(4). Figures 3, 4, and 5 show the coordinate

systems used for the swept-back wing with the spanwise conical flow assumption, the swept-

forward wing with the spanwise conical flow assuml)tion, and the swept-back delta (low

aspect ratio) wing with the streamwise conical flow assumption, respectively. Fig. 6 shows

the airfoil definition used for the swept wing cases.

continuity equation

x-momentum equation

y-momentum equation

energy equation

0

0 ,(pux) + (pv) + 7(pux) = 0 (27)
Ox Uz

where

OH

pu _ + ----

Ou pv Ou Ou pv 2 0 Ou
+ ---- + pw - ) (2s)x Oy Oz x Oz

pv 01) Ov puv 10p 0 Ov

x Oy + PW-oTz + - + ) (29)

pi, OH

x Oy OH O { tL OH 10V 2 }+ pw Oz Oz P," Oz + #(1 - _-7)_zz(72 ) (ao)

V = (it .Or V)I/2 (31)



The boundary conditions are

z = 6, u = ue(y), v = ve(y), H = He (32.a)

OH
z=0, u= v=0, w=w,,, H=H_ o," (-07-z)W=0 (32.b)

The pressure gradients are related to the inviscid velocities at the edge of the boundary-layer

by the following equations:

due
- z'e (33.a)

dy

_ 9 dpdr2 -2ueve - (33.b)
dy pe dy

Along the stagnation line, t, = 0. Partial differentiation of Eq. (29) with respect to y

yields an equation for Ov/Oy. After differentiation and substituting v = 0, the governing

equations for the stagnation line become:

continuity equation

P ,v+ (pwz)
0-_a(pux) + v z

=0 (34)

x-momentum equat ion

O. Ou O O.
P" O:r + P"'_ ) (35)

y-lnomentum equation

&'y P 2 pw_P"-0-7 + 7r,_'y+ ': +
p.,v. ] O2p O Ova) (36)

x - xOy 2 +-07z (tL Oz

energy equation

OH OH 8 ( p. OH

p')t-:_fx + pw Oz - Oz I Pr Oz
o (v

----+t'(1-p-Tr)O-7 2 } (37)

where

V = u (38)

The boundary conditions are

2----0,

= v_e, H = He (39.a)

w=w,,, tl=tl_ or (0-ff_-z/)W=0 (39.b)



3. TRANSFORMED EQUATIONS

The boundary-layer equations are transfornmd to a coordinate system which allows a

coupled solution of the continuity and momentunl equations. In this report, three different

transformations are used.

(A) The following transfornlation is used for stagnation point, 2-D flow, axisymmetric

flow, and flow along tile plane of symmetry.

x : x, Y : Y, C: _ :[_ p dz (40)
V lies dO Pe

where

together with tile following definitions

a"
= h 1d:r (41 )

F = = ,l/,le, c = g; = v/v,e:, E = H/He (42)

/rFor the stagnation point, lref = re; for 2-D and axisymmetric flow, G = g¢ = 0; for the

plane of symmetry, Gw" = V_., and G = g¢ = vu/I'_. This transformation removes the

singularity at z = 0.

(B) The following transformation is used for the flow along the leading-edge attachment

line,

x:x, y:y, C: _rl,.¢..= l_ Pd z (43)
V tie dO fie

and the definitions

F= .f¢ = u/u_, G= g¢ = vy/V_, E= H/He (44)

This transformatio11 is used to avoid an infinite tra.nsformed normal coordinate (G) near

x = 0; such an occurrence is possible when using the transformation given in Eq.(40).

(C) The following transformation is used for the swept wing flow with conical flow as-

sumption.

V /tea" Pe

9



and the definitions

(off the stagnation line) (46.a)

(oll the stagnation line)(46.b)

This t.ransformationis usedto handle caseswhen u_ is positive or negative.

3.1 Three-Dimensional Stagnation Point

The governing equations for three-dinlensional laminar compressible flows in rectangular

coordinates, Eqs. (10)-(13), are transformed using Eq. (40) and ttowarth's [10] inviscid ve-

locity components near the stagnation point. For s apl)roaching zero, the following ordinary

differential equations are ol)tailmd.

,r-momentum equation

B .,, p_
(('.1"')'+ f f" - (f,)2 + 7{.1 (j + __ = 0 (47)

P

9-momentum equation

energy equation

.,, B BP -0 (4S)((-7::")'+ ,Io - 7[(_') 2 + o"o + A ,,

( ' E')'+ (f+ (j)E' = 0 (49)

The equations above are based on the assumptions that the outer flow is irrotational and

that the inviscid velocity components near the stagnation point can be approximated by

,t_ = Aa,, t,_ = By (50)

The primes denote ordinary differentiation with respect to (, i.e.,

,t" (!f_ u , d9 v a,,d E H (,51)
- de, _,_' 9 - d( - _,_' = :1--7

10



The boundary conditions are

C=o. .f=f'=v=o'=o, E'=o o,- e=ew (52._)

(=C_,: f'=l, g'=l, E=l (52.b)

Two-dimensional and axis3.qnmetric stagnation 1)oint equations can be obtained by sub-

stituting C* = B/A = 0 (for a 2-D stagnation point) or C* = B/A = 1 (for an axisymmetric

stagnation point).

3.2 Two-Dimensional and Axisy'mmetric Flow

Using the transformation given in Eq. (40) and the relations given by Eq.

governing Eqs. (16)-(18) are transformed to the following form:

z-momentum equation

(21), the

F=f_

(CFd) ( + ,7,1J'F( - ,,,2/72 + ,,,,,c - ,,,13F( = ,,,lO(FF x - F_fx)

(53.a)

(Sa.b)

energy equation

(7_lEi) ( q- n2Ed -{- (n3)( - m13E¢ = mlo(FEx - E¢,fi,) (54)

The coefficients mx to 7)_13 and nl to n3 are as follows:

1{ s Ou_ },,,_ = _ 1 +/,_i,_ _ +
:4 OU e

m2- hlu_ 0x
$

s 0

111112 _/p-_e/L e 0,1' {112_}

?)_11 = 7}12

?)_ 13 --

11

(55.a)

(55.b)

(_5._)

(55.d)

(55.e)



(7

7_ l z

77, 2 _ _711f

c,,_(_ _ 1
"_= I4--7 >-7,,)FF_

(55.f)

(5_.g)

(55.h)

Note that h,1 = 1 and h2 = 7'5, where j = 0 for 2-D flow or j = 1 for a,xisymmetric flow.

The boundary conditions are

=0" f=F=0, E'=0 07" E=E_. (56.a)

C=(_" F= 1, E=I (56.b)

3.3 Flow Along Plane of Sylnmetry

The governing equations for tile plane of symmetry are transformed using the transfor-

mation given in Eq. (40) and by defining

F=.f( = u/u_, G= g¢ = vy/V¢_, E= H/H_ (57)

z-momentum equation

F = .:( (5S.a)

(C&)_ + ,,_,.l'& - ,,,_V ' + "'_&V + "',,_ - ,,,l_& = ,,,.,0(VVx - &L) (5S.b)

g-momentum equation

G = g_ (59.a)

(CG_)¢ + m_,l'G_ - maG 2 - m4FG + m6G_g - mgF 2 + rn12c - ml3G(

= m,o(FG_,- (,'<.f_,) (59.b)

energy equation

(ltlL()( + J_2E( + (_t3)( --77t13E( = mm(FEx- E(A)

12

(6o)



The coefficients mvm13, nvn3 are defined as follows:

sK1 cot 0

hlt'_ Ox

h lh2sinO_Ox

1_1 6 _- 77l 3

8ll e

m9 = I,'_
8

0(1(1 csc 0)

Oy

Oll e

_*u_t)( l(1 csc O)

ml_ = t(-_, Oy

(p.,),,, /t,_,,_s

C

7Z2 = l??l,f -t- 17_6g

'_ = ei-I-(1- >--7-)j' &

s cot, Oh'l

s 1 ()'eye v'2
+ _. ( + + IG_v_)

hi 0:r 1feb2V,x,

The boundary conditions are

(61.a)

(61.b)

(Sl.c)

(61.d)

(61.e)

(61.f)

(61.g)

(61.h)

(61.i)

(61.j)

(61.k)

(61.1)

(61.m)

where Vye

¢_¢e:

= Ov_/Oy.

.1'= F=g=G=0, E'=0 or E=E_, (62.a)

F = 1. G - vy_
' 14_' E = 1 (62.b)

3.4 Flow Along A Leading-Edge Attachment Line

The governing equations for the flow along the leading-edge atta.chnaent line are trans-

formed using the transformation given in Eq. (43) to the same equations as for the flow

13



along the plane of ss'mnwtry (Eqs.(58)-(60)). tlowever, becauseof the differencein the

transformation, the coefficientsmt to m13 and II1 to 113 are defined now as follows:

1 8u_ 1 0

,1_1- '2h_u¢ g)a: + h lh.2si|_OPv/-fi77-iTdLcOa:{h2sinO_} (63.a)

1 Ou_

.12- 1,,,,_ Oa" A', cot O (63.b)

l,'Z
- (63.c)

77_3 ]12lie

m4 = K21 (63.d)

1)16 : 7113

¢_oO(Kl csc0)
11_9 --

1

17110 = _1 1

1 Ou_

mll - hlu_ O,r

._ O( IG csc0)

ml_- i.'_ O.q

11'13 [Qll# V7

n2 = m l,/" + r',_9

113 --

cot OA'l

Cu 2 l

- 11----_(1- tb_.)FF<

l 1 0%_ _,2

+ + +
It c 112

(63.e)

(63.0

(63.g)

(63.h)

(63.i)

(63.j)

(63.k)

(63.1)

(63.m)

The boundary conditions are the same as for the flow along the plane of symmetry and are

repeated here for completeness:

(, =0" .f = F = g = G = O, E' = O or E = E_, (64.a)

( = C_ " F = 1 G - 't,_
' I,,_' E = 1 (64.b)
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3.5 Swept \'Ving Flow

The governing equations for tile swept wing flow (off the stagnation line) are transformed

using the transformation given in Eq. (4.5) to the following equations.

x-momentum equation

F = .& (65._)

(C]_)< -kmlfF< - m2F "2+ ,n6Fgg + m,lc- ,/Zl3& : ")7(6YF_y -- &gy) (65.b)

y-momentum equatiol_

G = g< (66.a)

(UGh)< + 7_71,fG< - m3G 2 - 7n4FG + 7nBGgg - m9F 2 + 7n12c - m13G(

= mr(GG,_ - ("G,v) (66.b)

energy equation

(I? 1 E( )( -_ H2E ( _- (I13)( --'ml3E( = mr(GE_ - EG._) (67)

The coefficients ?H 1 t,o Dl13 and ?_1 *t,O H 3 are defined a,s follows:

n_l = - 1.,5

III 2 = 0

')'3- I "_ I (l v
'U e

1"4 - ] _te ]

l_2e

I)1 5 --

II e ['U e ]

1 d,v¢

"?6- l **_] d y

77?7 --

v_
'IN S _ --_

',l e [lie ]

'717 9 _ 0

1 .v_ 2 *,_ d(p_#_)
+

15

(68.a)

(6S.b)

(6s._)

(6S.d)

(68.e)

(68.0

(68.g)

(6S.h)

(68.i)



'Dill _ 0

l d Ve ue

1,112- I ,it e [ dy _- [ Ue--_l

I I x
171r13 -- V

C

113 --
C,u 2

Hff
---(1- _-_?) FF¢+GG¢()2)

The boundary conditions are

(68.j)

(68.k)

(68.1)

(68.m)

(68.n)

(68.0)

(=0: f=F=g= G=0, E'=0 or E=Ew (69.a)

(=(_: F=I, G=I, E=I (69.b)

The governing equations on the stagnation line (leading-edge attachment line) for the

swept wing flow are transformed to the following equations:

x-momentum equation

F = ,_

(Ct:¢)¢ + m,.fF_ - m2F 2 + m6F_g + ?)_11 C- 77713F_ = O.

(70.a)

(70.b)

y-momentum equation

G = g¢ (71.a)

(CG¢)¢ -[- 77_1,1"G¢-m3G 2 - m4FG + rn6G¢g - m9 F2 -t- rn,12c -- ml3G¢ = 0 (7l.b)

energy equation

('11/_()( "1-'I2E'( -4- ('13)( --YDI3E(_ = 0 (72)

The coefficients n?l, m2, n_3, ?_4, n?5, m9, roll, m12, m13, nl, n2 are the same as in Eq. (68).

The remaining coefficients are defined as follows:

1 d v_ (73.a)

16



'D_7 : 0

I1_ 8 : 0

-_ 2
_, Ire.

'173 --
H_

1
- __(1 _ -v-)FF_

YT"

(73.b)

(73.c)

(73.d)

17



4. NUMERICAL METHOD

All the equations listed ill the previous section can be expressed in the following form:

x-moinentum equation

r =

(Ct:'_)¢ + m_,fF_ - muF 2 - m,sFG + m6Fcg - msG 2 + m_c -/N13F (

= re,o(1 a lye.- l'cL,) + mr(Gfy - FCg,,) (74.b)

y-momentum equation

(7', =9(

(CG¢)( + 'mlfG( - maG "2-m4 FG + 'm6Gcg - 7_9 F 2 + t7_12C- 77_13G¢

= 'mm(f'C,.- G¢.]I,,) + mr(GGy - Gcgu)

energy equation

(75.a)

(nlE¢)¢ + n2E( + (7_3)¢ - mL3E¢ = mlo(FE_. - E¢.L_.) + mr(GE_ - Ecg_) (76.a.)

(76.b)

Note that either *nr or ml0 is zero for two-dimensional, axisylnmetric, and quasi-three-

dimensional flows.

TILe above equations are linearized using Newton-l{hapson's linearization technique [11].

The _-del'ivative terms are discretized using a. central finite-difference scheme. An implicit

second order backward finite-difference is used for the x- and y-derivative terms.. An implicit

marching procedure, which is similar method used in Ilef. [12], is used to solve the governing

equations.

For abbreviation, finil,e-differeLlce operators are defined as

A¢(*.) ( _

_(1,_. = ,'X((],,) _, 1 -- A((k_l}_. 1_'= 2, 3, .., kmax -- 1 (77.a)
At',, + A(_,_x

18



- Ok+,/2 + C,,_,/_ (77.b)

Fi - Fi__
6_F_ - if i=2 (77.c)

Z-_Xi

_Sx_ / = {Z.F_ -- (,.£-_Xi-1- ZXi_I) 2 } /_/ Jr" (:._3' i -'t- £-_xi-1)2"Fi-1 - _2-_x2Ti-2 if i > 3(77.d)
(_a,_)2(_:r_ + _:r___) - _a,_(_.r_ + _Xi_l) 2

,SuFj _ 1'5 - Fj_a if j=2 (77.e)
_yj

- (av + z,jj_,)"} e, + + a,vj-,/'Yj-, -
_SyFj if j >_ _77.f)

(Ayj)2(A_j + _'Z,-_) - &,/j(Ayj + _yj_l)2

l(ck + Ck-bl ), /---_(k z £/,.+i -- (k, ,.__2?i .2; i Xi_ I Ayj and i,where Uk..t-l/2 -_- _ : -- , : gj -- Yj-I,

j, and k represent the x, 9, and ( directions, respectively. The overlined quantities are the

converged solution at. the previous st.cp (i - 1, i - 2, j - l, j -2).

The finite-difference equatiolls for the Fqs. (74)-(76) are linearized as follows:

.r-momentum equat ion

ACk-1
fk - fk-, (& + &._,) = o

2

/',c(Ck zX_Fk) + ,,,._(.l',._cFk + _cFk 1"_. .7,._Y_) m2(:e/_G - V_) - ,,,s(-U_F_

(78.a)

= ml0(F_Sxlq + 6_.F_t,a. 1,_._,_,t _ _F,.6,.f_ 6¢F_6j_ + _5_F>,5_-f,)

(7S.b)

y-mome_t, mn equa t ion

gl,. -- gk-1 (G_,. + G_.-t) = 0 (79.a)

' - ' = - -7; "= ' - rn4((_;l_FkA¢(C_ AcG_) + m_(fa.6((-,,. + _6,..f_. - .f_6_(,_) - m3(2GG_ - (_-7_) 7;

_ v' , - - ' - ' -- -- -- +Tn12c_-mlaG<+FkGk t I,.Gk) + n_s(,(/_b((,_: + bcGkgt_ _Jk6<Gk) mv(2f Fk -Fg)

-- , 77
= _5(Gk,5_..l'i _5(G_Sx-fi -4- (5(Gk_SxTi)

+mr(Gk6_G_ + _SvG_G_ - (;_.bvGk - (79.1))
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energyequation

(so)

where the overlined quantities are evaluated from the previous iteration. The energy equation

does not require linearization since it is solved after the momentum equations.

The finite-difference momentum equations, Eqs. (78) and (79), are rearranged into a 2x2

block tridiagonal form as

Ilk : ]_l,'-1 71- _(tlk q- tlk-l) (81.a)

-A_.llk-i + B_.Hk - CkHk+l + a_.hk = Dk (81.b)

where

Hk = G_,

Ak, Bk, Ck, ak are 2x2 mat.rices, and Dk is a. vector.

These equations are solved by the Davis Modified Tridiagonal Algorithm (See Appendix A).

The finite-difference energy equation, Eq. (80), is arranged into a linear tridiagonal matrix

equation form as

BkEa.-1 + D_.Ek + A_.Ek+1 = Ck (82)

where Ak, Bk, Ck, and Dk are scalars.

This equation is solved using the Thomas Algorithm. The momentum equations and the

energy equation are solved iteratively in an uncoul)led manner until the converged solution is

obtained. The converged solution is usually obtained within ten iterations. If the converged

solution is not obtained wilhin twenty iterations, the flow may have been separated.
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5. I/ESULTS AND DISCUSSION

5.1 l_oun(lary-layer Parameter Definition

The skin friction coef[icients are defined and calculated from the following equations.

(a) for 2-D, axisymnletric flow and flow along a. plane of symmetry:

(b) for the flow along a leading-edge attachment line:

(_,o,,/o:).. 2_,..,,_(OF/O()u.(p/p_)_..(po,,_/_,_)'/_
C/_, - ½p_l,: 2 - p_l/2 (84)

(c) for swept wing flow:

(_,o,,/o=),,, 2,,., I ,,_[ (OF/OC,L_,(p/p_).,(p_I *,_ I /_,_x)_/_

:P,

(9_,/0:)., 2t,.,v_(OC;/OC).,(?/p_).,(p_ I,,_ I/l,_x)'/2
Cry - I _ t,.2 -

The derivartive ter_ns; (OF/{)()_,. and (OG/O_'),, are evahlated by second order one-sided

differences at the wall, i.e.,

OF

(57),,, =

OG

=

_,(:_1 + _6) _- (5i, + 5__)(aG) _
(5G + A6)2c6 - (AG)_6'_

zx¢:(5¢, + A6) _ - (AG + A_'_)(AG)_

(86.a)

(86.b)

Displa.cement thickness is defined and calculated from the following equations.

(a) all the flows except the swept wing flow:

Jo: F_5_:= (1 pV )d: = (l- F)dz (87)

(b) for swept wing flow:

Jo0 _' JO0 °°
a:. = (1 ?" )d: = (1 - LF)d:

De 'lie Pe
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Momentum thickness is defined and calculated in a similar manner as the displacement

thickness.

Heat transfer is calculated from:

(a,) for 2-D, a.xisymmetric flow and flow along plane of symmetry:

aT cp]l,v( [1 )w([?elge)l/2(or (S9)

q,,,= z,(_),_,- p,. r,_ _,_ o--C)'_

(b) for the flow along leading-edge a.ttachnlent line::

OT c_, [ _w/" _, [ P e_te )1/2( (-)Tq,, = l,'( ._-a--),,,- t P--,,,,,-- )_, (90)
Pro!1

(C) for swel)t wing flow:

07'

K(,,, ) P,. /,_ J,_.,,%,.

where (OT/O() .... is obtained from:

(91)

0J' [(5C,) _ - (:x¢1 + _6)_]:T1 + (zX¢,+ :XG)_T_ - (/x¢,)_T_
( 0¢)t- .... /--_¢1(_¢1 -1- /--_¢2) 2 -- (/_¢1 -I- _¢2)(/--_¢1) 2

(92)

5.2 Test. Cases

5.2.1 Two-Dimensional Flow

The subsonic flow past a NA(IA 001'2 airfoil at 0 degrees angle of attack was selected as

a two-dimensional flow test (:as(' wi(h the following flow conditions (This flow condition is

the same as that used in llef. [4]):

_11_._= 0.5

_0 °

poo = 2116 ll_/./'t 2

Too = 520 ° H

T,, -- T_....

c = 0.28266.fl

The free stl'eanl I{eynolds lmml)er based on the chord length is 10(_.
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Tile inviscid solution was obtained using the Euler code developed by Drela [13]. Figure

7 shows the skin friction coet[icients. In this figure, skin friction based ell the flee stream

velocity (C:_. - (,o,,/:,:)u._l_v2 : is plott.ed to coral)are the results with Ref. [4]) These results were

obtained using uniform grid spacing in the normal direction with A_l = 0.1 and _ = 7.0.

The inviscid grid was used in the a'-direction. The results are in good agreement with the

result of Ref. [4] (not shown).

5.2.2 Axisymmetric Flow

The hypersonic flow over tlle sharl) cone (half cone angle of 5 degrees) with mass transfer

at the wall was selected as an a xisymmetric flow test case with the following flow conditions

(This flow condition is the same as that used in Ref. [4] and [14]):

kl._o = 7.4

half cone angle =5 °

Ct=0 °

pc<, = 701.4 N/'m 2

T_ = 69.7°K

T,,, = 316.65 °

From X = 0 to X = 0.096m., there is no mass transfer at the wall. From X =

0.096m, two types of mass transfer exist: (pw),, = 0; (pw) .....= -0.090117Nsec/m a or

Cq =-0.0020754 (wall suction).

The inviscid pressure was obtained using tile Euler code developed by M. D. Salas (un-

published work). The boundary-layer edge velocity (,l_./l:_,) from tile Euler code is about

0.99176 and the initial velocity (u_/l,(-<, at i=l) calculated using Eq. (B1) is 0.99184. There-

fore, for this flow, the initial edge velocity calculated assuming isentropic condition is very

close (within 0.01 percent difference) to the inviscid velocity given by the Euler code. This

seems to be because the shock angle is small (for this flow, about 9.2 degrees).

Figure 8 shows the skin frictioll coefficients on the cone with and without wall suction

condition. These results were obtained using non-uniform (stretched) grid spacing in the
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normal direction with "-'/-_(1 _- 0.005 and A((k + 1)/AC(k ) = 1.05. The step-size in the

x-direction (Ax) varies fi'om 0.001 (near the nose) to 0.01. The grid distribution used to

obtain Fig.8 call be seen ill PART II, section 6.3. The result is in good agreement with other

result [4] (not shown).

5.2.3 Flow along Plane of Symmetry

An ellipsoid of revolution having a four to one ratio of major to minor axis (a = lm,

b = 1/4m) was selected as a test case, and the boundary-layer solutions were obtained for

incompressible flow(Moo, = 0.05) at a = 6 °.

For this body, the angle between the x and Y coordinates (0) is ?r/2. The metric coef-

ficients can be obtained exacl.ly, and the velocity components can be obtained analytically

for the incompressible flow [15]:

ha = {l+(X/a-l)'2(/'2-1)}1/21-(X/a-_i

/,_= b_/1-(x/. - 1)_

,,_= _,,_,(_.,;(t)co.__,cos3 - V_o(t)sino.sin3 cos¢)

t'_ = I'_.(I'_o(t) sin o sin 6)

(93.a)

(93.b)

(93.c)

(93.d)

where t = b/a. Note that .r is measured along the axes X although x-direction is along the

body surface; therefore .c = X in quantity, llere t3 is the angle between the line tangent to

the ellipse and the positive X axis; it is given by

cos/_= v/1- (x/.- 1)_
(94.a)

_/1+ (x/,, - 1)_(t_- 1)
3 < 0 if X/a > 1, and /3>0 i.f X/a < 1 (94.5

The parameters l/_(t) and l[_0(t) are functions of t and are defined by

_.;(_) = (1 - t_)_/_
V/-1 -12- ½t21n { 1-{i_,2),/21+('-0P'2} (95.a

k;0(t)- 2ko(t)- 1 (95.b
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The skin friction coefficients(C/_ Rv/_--_ = ,(ou/a:)_ _ where a = 1) as a function
I/2VL V -¥ '

of X at an angle of attack of 6 degrees are shown in Fig. 9. The present numerical results

were obtained using the following grid distributions: Ax=0.002 near the nose followed by

Ax=0.02 downstream, Ay = 5 °, and 61 grid points normal to surface uniformly spaced such

that A_'=0.1. The result is in good agreement with result given by Iyer [4] (note that Iyer's

result must be multiplied by 1/v/22 for comparison due to the different definition of Re_).

5.2.4 Flow Along A Leading-edge Attachment Line

The subsonic flow past an infinite swept cylinder with a diameter of 0.75 feet and a sweep

angle of 60 ° at 0 degrees angle of attack was selected as a test case with the following flow

conditions:

Moo = 0.126675

A = 60 °

Ct_-0 °

p_ = 2116.Slb/ft 2

T_ = 520°R

The inviscid solution was obtained from the analytical potential solution along with

the sweep theory. For this flow, the :r-coordinate is along the leading-edge, and the Y-

coordinate is normal to the leading-edge aud measured from the center of cylinder. The

metric coefficients are defined hi = 1.0 and h2 = 0.375 where h2 is the radius of the cylinder.

The skin friction coeIficient is the same along the leading-edge a ttachnmnt line. The velocity

profiles at various suction levels are plotted instead of the skin-fl'iction coefficient for this

test case. Figure 10 shows the results of applying suction Cq=0, -0.0005, -0.001, -0.002,

-0.005, and -0.01. The Reynolds ntullber based on the momentum thickness at the zero

suction condition is about 203.
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5.2.5 Swept-Wing Flow

The subsonic flow past a 'clean-ul)' glove of tl_e swept-I)ack tal)ered F-I,t wing ([16]) was

selected as a test case. The flow conditions are the same as that used as case .5 in l/ef. [16]:

kl,_ = 0.80

A1 =22 ° ,A2=4 -6S°

= 0.53 °

p_ = 785.3 lb/./t 2

= 430°R

c = 5.4256 ,t't

which makes the chord l/(,ynolds mlml)er 15 Million.

Figure 11 shows th(" pressure (listril)utioll (measured) on this glove. The skin friction

coefiqcient (Cry) for zero suction as calculat(,d using lhe l)resetlt lnethod and the I(aups-

Cebeci code arc conll)arc(l il, Fig. 12 alLd are ill good agreement. The velocity profile (v)

and its first and second normal derivatives at X/c = 0.405 ( 40-th station ) calculated using

two codes are shown in Fig. 13. The agreement is very good with the exception of small

differences in the second n()rnlal (leriw_tive near the wall.

The logarithmic disttu'l)ance aml)lication factor N was calculated with the envelope

method using the COSAL [18] linear stability analysis code to assess the effect of the differ-

ent boundary-layer codes. 'l'lle cnvelol)e lnetllod calculates the wave length and orientation

angle coml)ination thai maximizes lhe disturl)ance growth tk)r a fixed frequency. The cur-

vature effect and non-1)arellel effect was not considered in this code. The N factor for a

disturl)ance frequency of 3000 llz was obtained using the result of the I)resent method and

of the Kaul)s-Cebeci cod(' and are COml)ared in Fig. 14. The difference is within 2 percent.

For this flow, the nlosl alnplifie(I (lisi url)a('es are cross-flow vorti('es (the wave angle and the

inviscid streamline direction is about 85 degrees) up to the 60 percent chord location.

The skin friction coet[icient ol)lain('d using 1,2aul)s-Cebeci code for this test case does not
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showwiggleswhensuction is not applied. Tile skin friction coefficientobtained usingKaups-

Cebecicodeshowswigglesfor someflowcases.Tile wigglesarepropoundespeciallywhenthe

pressuredistribution near thestagnationpoint is not smoothor whensuction is applied. The

skin friction coef[icientdistributions with suction Cq = -0.0007 for X/c = 0.0.51 to 0.332

obtained using the two boundary-layer codes are compared in the Fig. 1,5. Immediately

after the suction region, i.e., from X/c = 0.33, the skill friction coefficient obtained using

the Kaui)s-Cebeci code shows an oscillation. The velocity and its normal derivatives at

X/c = 0.405 (40-th step) are compared on Fig. 16. The first and second normal derivatives

obtained using I(aups-Cel)eci code are not smooth compared with those obtained using the

present method.
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6. CONC,LUDING REMARKS

A computer programhasbeenpresentedfor solving the compressible,laminar boundary-

layer equationsfor two-dilnensional,axisynlmetric, and quasi-three-dimensionalflowswhich

includes flow along tile plane of synametry,flow along tile leading-edgeattachment line,

and swept wing flowswith appropriate conical flow approximations. The method hasbeen

applied to a number of two-dimensional, axisymmetric, and quasi-three-dimensionalflow

casesover a range of speedsand validated. The results indicate that this bounda.ry-layer

code gives velocity and temperature profiles which are accurate, smooth, and continuous

through the first and secondllormal derivatives. This codeCallbe coupled with a stability

analysiscode and usedto predict the onsetof the boundary-layertransition which enables

the assessmentof the laminar flow control techniques. The CPU time for a.typical swept

wing with 48 streamwisestation and 50 to 88 grid points acrossthe boundary layer was

about 4 secondson the CRAY-2 or 1.5secondson the CRAY Y-MP computer.
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Appendix A. Block T,idiagonal Matrix Algorithm

The two vector equationsto be solvedare

hk = ha.-1 + A('k-----_l(llk + Ha-l) (Al.a)
2

--Aktlk-1 + BkHk - Ckflk+l + akl_k = Dk (Al.b)

where Ak, Bk, Ca, and ak are 2x2 matrices, Ha, Irk, and Dk are vectors. These equations

are solved using the Davis Modified Tridiagonal Algorithm. The variables Ea, ea and da are

introduced such that

H_, = E_,llk._l + ek.l_.-1 + (lk (A2)

where Ek and e:k are 2x2 matrices, and (1_:is a vector.

Using gq. (A2), Eq. (AI.1)) becomes

-- Aktla-1 + Batty. - Ca, E_+I tlk - Ckea+_h.k - Ck(/a+l + akhk = Da (A3)

Define

I_ k _- (t k -- (-_kCk+ 1 (A4)

Then, Eq. (A3) may be written as

- A_.Hh._I + (Bk - CkEa+l)Hk + Rkha = Da + Ckdk+l (A5)

Substituting Eq. (Al.a) into Eq. (AS) gives

(--Ak + --
A_k-1

2
l{k )Ha.-1 + (Ba. - CkEk+l + --A(a-1 Ra)Hk + Rahk-1 - Dk - Ckdk+l = 0 (A6)

'2

Next, define

Solving Eq. (A6) for Ha,

Ha = pkl(A_

t)_. = B_,. -- C#E/,.+I + --AG-I Ra. (A7)
2

/,(-\( h -1
l_k)Hk-I -- p_l Rkhk-1 + pk 1 (Dk + Ckdk+l ) (A8)

2(.)



Equating Eqs. (A2) and (AS)term by term yields

_:_.= -pZ.1/_k

A(k-1
E_. S. j A_ +

"2

dk = p_l (/)k + C'_-(/k+l)

(A9.a)

(Ag.b)

(A9.c)

Tile boundary condition at the edge of tlle boundary-layer (k=kmax) is

1.0 ]

This provides the conditions

1.0 ]

_.,,,,,. = Ea ....... .= 0 (A10)

The parameters of Eq. (A!)) at'_' first determizwd for decreasing values of k (kmax-1, kmax-

2,...,2) beginning at the edge of t.ll¢' boulldary-layer. Then Eqs. (Al.b) and (A2) are solved

for increasing values of k (k=2,3,..., knmx) using the boundary conditions at the wall,

lit = bl = 0 (All)
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Appendix B. Boundary-I_ayerEdgeConditions

B.1 Two-dimensional and Axisymmetric Flow

For an isentropic flow (when there is no shock between the free stream and the body),

the boundary-layer edge velocity is obtained from Cp by the following equation.

'u_/l,Q_, = I (7- 1)fil,_ ( 2 + 1)w-_/"Y - 1 (B1)

However, for a non-isentropic flow (when there is a shock between the free stream and the

body), the edge velocity is obtained fi'om the (:p distribution by integration of the following

surface Euler equation.

d( )2 d
- (B2)

d.r p_ d z

which is another form of Eq. (21). This equation is integrated using the fourth-order Runge-

Kutta method. For a blunted nose body at a. supersonic free stream condition, we assume

that there is a stagnation point where u¢ is zero and the stagnation pressure was calculated

assuming that the streamline to the stagnation point passed through the normal shock. For

a sharp nose body at a supersonic free stream condition, the initial edge velocity ('u_ a.t i = 1)

was obtained from the Eq. (BI). This approximation is based on the assumption that the

shock angle relative to t.h(- free stream is small. It wonld be better to replace this value if

an accurate yah1( (u_ at i = 1) is available and especially when shock angle is not small. To

replace this va.lue, put the value in the subroutine EDGECON.

In the code, if the free-slrealn Mach number is greater than RISENTD (0.7 is set in

the code), the flow is assumed t.o be non-isentrol)ic; and Eq. (B2) is integrated to obtain

the boundary-layer edge velocity. However, if the velocity (u_) is availal)le along with the

pressure distribution from the inviscid code, integration of Eq. (B2) is not needed. In that

case, use option I,_UE=I.

B.2 Swept-wing Flow
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The method to calculatethe coordinatey is the sameasusedin Ref. [5]. The nondimen-

sionalwing thicknessdistrilmtion _/c is assumedspecifiedasa function of X/c on the airfoil

surface. Tile boundary-layer calculations are done along the arc formed by the intersection

of a sphere of radius x = :to and the conical wing surface. This chord intersects the sphere

at the wing leading-edge as shown in Figs. 3, 4, and 5. A new variable ¢ is defined by (see

Fig. 6)

X/c = 1 - cos¢ (B3)

A negative value of X/c implies negative value of ¢, and ¢ = 0 designates the leading-edge.

The variable y is obtained from lhe integration of the following equations.

ely 1 l(d,Y 2 dg)2+(_)29,7- +(d6 (B4)

For a swept-back wing with the spanwise conical flow assumption (Fig. 3),

c

a,o = cosA1 (_aJTA1- tan A2)

d.v _ - 1 _"c si,_ ¢
d¢ cosA1 h 1/2 (
(19 at0 dh.

d_ "2h.a/_ dO

d=__ c y d(=_/C)o
(1_ CO'g'\I 111/2 l, de

h=l+

+ [x°*inAl-c(1-c°s¢)ldh I
2h dCJ

(glc)o dh }2/, d¢

(.rocos,\_)2(c)_ + tanA1 zocos)_l

(B5.a)

(B5.b)

(B5.c)

(B5.d)

(B5.e)

For a swept-forward wing with the spanwise conical flow assuml)tion (Fig. 4),

[x0sin(-A2) - c(1 - cos¢)] dh
2h a7 J

(-z/c)o dh.

',_h 7gj

c(1 - cos¢ ) _ 2

Xo C03/_ 2 1
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For a swept-backwing with the streamwiseconical flow assumption(Fig. 5),

C

;F 0 --
COS/_ 1

d-_ - 1

dd) 2h 3/2 dO

{csino [a'0cos,\, - c(1- cos )]dh+ '-'h £ J

d_ _ c { d(=,/C)o (=,/c)odh }dO _inAlh 1/2 de) 2h dO

h = 1+ (;rosinA1)2(c)2a+ co_A1

(B7.a)

(B7.b)

(B7.c)

(BT.d)

(B7.e)

(-i/C)o denotes the ordinate of the defining airfoil and is ol)tained by cubic polynomial in-

terpolation. Integration of the equations above starts from the stagnation line (leading-edge

attchment line) where 9 = O.

We solve the following surface Euler equations which are derived from Eq.(33).

- (BS.a)
d,a

d(v_/V,:_) 2 p.-,,:,dC_,
- -2 ud_,¢/l_. (BS.b)

dy p_ dy

The equations above are integrated by the fourth order Runge-Kutta method with the initial

conditions:

v_ = 0 for isentropic flow (B9.a)

v_ = 0 for non-isentropic flow (B9.b)

where Cp, is Cp at the stagnation line. Because the coordinate systems for swept wing flow

are defined a.s in Figs. 3, 4, and 5, u_. is negative for swept-back wing flow with the spanwise

conical flow assumption (Fig. 3) and u_ is positive for the other swept wing flow cases(Figs. 4

and 5). When there is a. shock in front of the wing, it is better to replace the initial condition

(u¢/V_ = -t-sinAi) by a lnore accurate value if it is availal)le because this approximation is

based on the assumption that shock is parallel to the stagnation line. To replace the initial

condition, put the value in the subroutine WING.
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It, is not necessary to int,ograte Equation (B8.b) for isentropic flow since v_ can 1)e obtained

from known C_, and ,_. In the code, if free stream _lach number is less than RISENWG (0.7

is set. in the code), t.lle tlow is assumed t.o be isentropic.

B.3 Temperature

The temperature at the edge of the 1)oundary-layer can be obtained using the total

inviscid velocity, i.e.,

_;/7:_ = 1+ , ._1L[1-(v--2)_] (B10)

Equation (B10) is derived t'ronl the inviscid energy equation and is valid for all speed

regimes. Temperature at. the I)oundary-layer edge is calculated using the above equation

in the boundary-layer codo.
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PART II. USER'S MANUAL

1. PROGRAM DESCRIPTION

BLSTA wasdevelopedto solvethe compressible,laminar boundary-layerequa,tionsfor the

two-dimensionalflow (KASE=0), axisy,mmetric flow (KASE=I), and quasi-three-dimensional

flowssuchastile flow along ttle planesof symmetry (KASE=2), the flow along the leading-

edgeattachment line (I,:ASE=3), swept-back and swept-forward wing flows with the span-

wise conical flow assumption (KASE=4), and swel)t,-bacl( delta wing flow with the streamwise

conical flow assumption (KASE=5). [ising BLSTA, the flows for wide speed range (from sub-

sonic to hyl)ersonic ) can I)e solved; the i)osl-shock conditions are not needed as a. free-stream

condition when lhere is a shock ill front of the subject fox" SUl)elsonic flow. The velocity

profiles and their normal derivatives are calculated to be used by the st.ability analysis codes

a,s follows: eat"t_k [17] code for I<ASE=0,1,2,3, and COSAL [_8] or COSOUR [19] code for

KASE=4,5.

The governing boundary-layer equatiolls are in dimensional form; consequently, all in-

puts to BLSTA must be consistenlly dimensiona.1. This code operates in either English

units(ft, Ib, _ec, °R) or SI(_II{S) units(m, kg, ._e:c, °I(). Ilowever, for swept wing flow (

KASE= 4 and 5), use English units to be consistent with the stability analysis codes, COSAL

or COSCUR, a.s these stability analysis codes(as written) use English units.

The code block, COMBLCI(, wl,ich lists the common blocks, is designed for flexibility

in changing the dimensions in the spatial coordinates(x and z) and to avoid listing the

common blocks in each subroutine. This COMBLCK is included in tile main program

and most of the subroutines (except subroutine SY and interl)olation subroutilles) by an

'INCLUDE' statelnent. The dimensions of the common blocks are controlled by changing

the parameters IMAXF and KMAXF in the COMBLCK. If either IMAX or KMAX, which

are the actual number of grid points in the x and z-direction, respectively, happens to
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exeedIMAXF o1"I,_MAXF,the boundary-layercalculationshouldstopand tile corresponding

parameters(IMAXF o1'I,_,_IAXF)shouhl be increasedso that they are greater than IMAX

or KMAX. Also, it. should l)e noted that h[MAX, the numberof grid points in tile normal

direction, may be increasedautoma.licallyin the boundary-layercodeinitially (at i=l ) and

as marchingdownstreambecauseof increa.sing(_.

The flow chart of the BLSTA is shownon Fig.17. The convergenceof the boundary-layer

solution is checkeda.t eachi-th step in the subroutine SOLVE. If the convergencefails, the

flow is most probably separated.The skin friction coefficients{Ca,_or Cj-_) are a measure of

the boundary-layer sepa.ration and it. decreases rapidly near the separation.



'2. SIIBROUTINE DESCRIPTION

BLPARA

BLPAR3

BLPAR4

COEF

COEF1

COEFLE

COEFLE1

COWING

COWING1

CUBINT

DERIVY

EDGECON

INPUT

INTEG

LININT

NTRID

OUTCOS

OUTEMAL

OUTPUT

calculates the boundary-layer parameters for KASE=0,1,2.

calculates the boundary-layer l:)arameters for KASE=3.

calculates the boundary-layer parameters for KASE=4,5.

calculates the coefficients ml through rnl3 for KASE=0,1,2, i_>2

calculates tile coe[ficient.s -tl

calculates the coefficients ml

calculates the coe[[icients ml

calculates the coef[icients 17/1

through mx3 for KASE=0,1,-,9 i=l

through mqa for KASE=3, i>'2

through "tqa for KASE=3, i=l

through mla for KASE=4,5, iR2

calculates the coet[icients ml through 7Y_13 fOl" KASE=4,5, i=l

cubic 1)olynomial interl)olation subroutine

calculates first and second normal derivatives to be used in the stability

analysis codes

For a. given C v distribution, locates the stagnation point and calculates the

boundary-layer edge velocity(u_) for KASE=0,1

reads in input file

integration subroutine

linear interl)olatioll subroutine (used if INTEV :/ 0)

solves block tridiagonal matrix equations using Davis Modified Tridiagona.1

Algorithm

writes the velocity profiles and its norlnal derivatives on COSLNPUT which

is to be read by the COSAL or COSCUR stability analysis code when

KASE=4,5.

writes the velocity profiles and its normal derivatives on BFLOW which

is to be read by the cM''lit" st.ability analysis code when KASE=0,1,2,3.

writes the input echos, velocity profiles, boundary-layer edge conditions,

and boundary-layer parameters on FORT.30
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SOLVE

SPLINE

STAGPT

SY

WING

calculalcslhe coef[icientsfor the tridiagonal systemsof equations and

solves l he momentunl equations and energy equation iteratively.

derivative subroutine

solves the stagnalion point flow (key parameter is C*).

solves the tridiagona.l systems of equations using Thoma.s Algorithm

calculates velocity components for a given C v distribution (for KASE=4,5)



3. PARAMETER AND VARIABLE DIRECTORY

A(I)

AINF

BLTH(I)

BLTK

CAVD(I,J)

cvx([)

CFY(I)

COSTH(I,J)

CP

CPD(I,J)

CQD(I)

CSTAR

DK1DY

DSPTX(I)

DSPTY(I)

DSTZ

DX

DY(J)

DZETA(K)

DZETA1

GAMMA

H(1,I,K)

H(2,I,K)

H(a,I,I;)

.k/c for defining airfoil, where c=chord. (for I(ASE=fl,5)

speed of sound

C(= plt/P_t_) at (xi, zk)

6, boundary-layer tllickness where V/V_ =BLTK

V'/k_- value for defining boundary-layer thickness, 0.995 is set in

the code.

14, boundary-layer edge total velocity

C /_,,

6:f_ (for I(ASE=,I,5)

COS 0

G,, specific heat

Cp, 1)ressure coet[icient

Cq, suction coefficient

C'(= B/:I)

O( I\'l cos O ) / Oy

(5_, displacement thickness in .r-direction

(5_, displacement thickl_ess in y-direction (for KASE=4,5)

lengl.h scale (1) = V/_a'/u¢ (NASE=0,1,9,3) = (RASE=4,5)

L_N3"i, _ 2" i -- d:i_ 1

/--.NHj

5(/,., = (,_:+1 -- (k

_G

7

F at )he point (.r,, z_.)

G at the l)oinl (,ri, z_.)

E at, t,he point (xi, zk)
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HN(1,I,K)

HN(2,I,K)

HS(1,I,K)

HS(2,I,K)

Hl(I,J)

H2(I,J)

I

IL

IMAX

IMAXF

J

K

KASE

I(MAX

KMAXF

I'( RO W

the solution ill" F fi'om sul)routine NTRID

the solution for G fi'om subroutine NTRID

f at, the point (xi, zk)

g at, the point (xi, zk)

hi at, the point (xi, yj)

h.2 at the l)oint (xi, yj)

inde× t"o1"the boundary-layer grid in the x direction

i-th step where the boundary-layer calculation stops (not necessarily

the same as IMAX or ISTOP)

number of boundary-layer grid points in the x-direction

maxinmm possible number of grid points in the x-direction, given

in COMFILCI(

index for the boulldary-layer grid in the Y direction

index for the boundary-layer grid in the C direction

index for case of the flow

=0 ['or two-dimensional flow

=1 for axisymmetric flow

=2 for the flow along the plane of symmetry

=3 for the flow along the leading-edge a,ttachnaent line

=,1 for the swept wing flow with the spanwise conical flow assumption

=5 for the delta wing flow with the streamwise conical flow assumption

lmml)er of grid points in the z-direction (may be changed as i increases)

(I(MAX _< KMAXF)

maximum possible number of grid points in the z-direction, given in

(_,OMBLCI\

=1 when wall mass injection exists

=0 when l llere is no wall mass injection
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KSHALE

KTW

KUE

MKS

M1,..,M13

NI

PE(I)

PI

PINF

PR

QW(I)

RISENTD

RISENWG

RK

RKAPA(I)

RMINF

RMYUED(I)

RNUINF

ROED(I)

ROERO(I,K)

ROINF

=1 when the shape of nose is sharp (when there is no stagnation point)

=0 when the shape of nose is bhmted (when there is a stagnation point)

=1 when the wall temperature is given as a boundary condition

=0 for adiabatic wall condition

=1 when the inviscid velocity is given as input (for KASE=0,1)

=0 when the inviscid velocity is not given as input

=0 when using the English units (ft, lb, sec, °R)

=1 when nsing SI units (m, kg, sec, °K)

7771 _ .._ 7)_13

number of input stations for the streamwise airfoil (for KASE=4,5)

1), pressure

7r

p_, free stream pressure

Pr, Prandtl Number

qu,

fi'ee-stream Mach number below which isentropic condition is used to calculate

the edge velocity for 2-D and Axisymmetric flow (0.7 is set in the code)

free-stream Mach number below which isentropic condition is used to calculate

the edge velocity for swept-wing flow (0.7 is set in the code)

K,(= /_¢k+l//_k)

Kappa value

Pe

_ oz,

P_

P_/P

p O.7__
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1ROWW(I)

RR

SWLE

SWTE

SI(I,J)

TD(I,K)

iE(I)

TtIMOX(I)

THMOY(I)

TINF

TWA LL(1)

TWTADB(I)

UE(I,J)

UKMAX1

VE(I,J)

VINF

VMAX(I)

XC(I)

XD(I)

XKI(I)

XPD(I,3)

X0

Y(I)

YC(I)

(p.,),,,

gas constant

leading-edge sweep angle ill degrees

trailing-edge swee 1) angle in degrees

s

t,elnl)erature inside the boundary-layer at (a'i, Zk)

boundary-layer edge temperature

nlomentllm t]|ic];ness ill ;r-direction, defined as fo_'_ _(1 - _)dz

-av(1 -nlonlelltunl thickness in !/-direction, defined as fo_' p_ _,-

for KASE=-t,5

Zu,

KMAX and (¢. (=((KMAX)) are to be increased as going downstream

so that (u/u_)t,.=l_,_l.4X-i is greater than this vahte, typically 0.99999

maximum crosswise velocity

Xlc (KASE=0,1,4,5)or .r (KASE=2,3)

.r tot. KASE=0,1,2,3, !,, for I(ASE=4,5

cross-flow l{es'_lolds uulnber, <h,fined as pC c,,_,,_,bo.m/tt,

.d

.c (for I(ASE=4,5)

_/c for oh'filling airh)il (for KASE=4,5 only)

p'/c for 2-1) flow, where c= chord

(r-I't_)/c for axisylmnetric flow, where c= chord
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YD(J)

YPD(I,J)

ZACT(I,I,_)

ZETA(K)

ZETAE

9

9' for 2-D flow, v for axisymmetric flow

2,
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4. INPUT DESCRIPTION

Inputs to BLSTA are read through subroutine INPUT. There are three input formats

which differ dependingon type of the flow. The necessaryinput l)arametersare described

below. For supersonicflow, and when a shock is presentbetweenthe free st.reamand the

body, wedo not haveto replacetile free streamcondition by the post-shockcondition, i.e.,

the undisturbed freestream condition is still usedfor the freestream condition.

4.1 Two-dimensional and Axisymmetric Flow

KASE =0 for two-dimensional flow

=1 for axisymnletric flow

ISTOP

MKS

KSHALE

KTW

KROW

KUE

i-th slep to stop the computaion

=1 when using the SI (MKS) Units (m, kg, sec, ° K)

=0 when using the English Units (.ft, lb,_cc,°R)

=1 when the shape of the nose or leading-edge is sharp (if there is no

stagnation point)

=0 when the shape of the nose or leading-edge is bhmted (if there is a

stagnation point)

=1 when the wall t.enq)eratul'e is given as a boundary condition

(T\VTA I)B(I) must be specified.)

=0 when adiabatic wall condition is used (TWTADB(I) is not

needed. Although it. might be specified in the input, it will be neglected.)

=1 when ,vail mass injection exists (CQD(I) nmst be specified)

=0 when there is no wall mass injection (CQD(I) is not needed.

Although CQl)(I) might be specified below, it will be neglected.)

=1 when tlw inviscid velocity is given as input

(recomlnended when there is a shock in front of the body)
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=0 when the inviscid velocity is not given as input

PR

RMINF

PINF

TINF

Prandtl Number

M,_ (fi'ee stream Mach munl)er)

P,x, (free stream pressure) in N/m 2 (if MKS=I) or in lb/ft 2 (if MKS=0)

T_, (free stream temperature) in °I_ (if MKS=I) or in °R if (MKS=0)

UKMAXI

ZETAE

DZETA1

RK

ZETAE and KMAX will be increased in BLSTA so that (lt/Ite)KMAX_ 1 is

greater lhan this value, typically 0.99999.

C_ at i=l (guess value, note that ZETAE and KMAX is increased as

required CVCll a.t i=l, and as i increases)

A_(_)

A((k + I)/A((I,.)

IMAX

CHORD

RLE

INTEV

ISTABW

nullll)er of input stations where C v is specified

chord in ,,,(if MKS=I) or in .f/(if MKS=0)

0 for 2-D flow

rt,., radius of leading-edge, measured from axes of rotation for axisymmetric

body, in re(if MKS--1) or in ft(if MKS=0)

nun-Jl)er of additional points for the boundary-layer grid between each

inl)ut stations

=0 output stations for the stability analysis will be the same as the inviscid

grid poillts(input stations).

=1 outl)ul, sta.lions for the stability analysis will be the same as the

1)oundary-layer grid points (used when INTEV -¢ O)

XC(I) X/c, where c= chord
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YC(1)

CPD(I,I)

CQD(1)

TWTADB(1)

UE(I,I)

!l'/c tot" 2-1) tlow, where c= chord

(7" -ri_ )/c for axisymmetiric flow, where c= chord

(',/ (= (pu,),,,/p.-,.,I'%), (',t < 0 for suction

7,,,/_/',, .... (This is a required input if KTW=I)

u_/Ii×, (This is required input if KUE=I)

["or a b|Ullt leading-edge body (KSIIALE=0), the first hll)ut stiat.ioll does not have to

be the stagnation point; however, the inl)ut stations must enclose the stagnation point.

The code locates the stagnation point and starts the boundary-layer calculations fl'om the

stagnation point ( The code resets i=l al the stagnation point). For an axisymmetric flow,

the first input station should 1)e sliglflly downstream of the nose lip to avoid h2 = 0. For an

a,xisymmet, ric nacelle al)plicat.ioa, use nonzero rl_ which is the radius of the nacelle leading-

edge measured from the cenl.cr o[ total.loll of lhe body.

In the code, T\\:AI,I_(I). which will be used as the wall boundary condition, is calculated

from the input T\\:TAI)II(I) (= 7',,./T,,,,) value and the adibatic wall teml)erature (_l'_,w)

which is approxinu_led 1)v lhe following equal.ion.

"1;,,,. = 1'_(1 + __MS e) (II.1)

This equation gives a fairly accularc value for T,,w. tIowever, t.o apply a more precise wall

telnpcrature condition, Sl)ecil'y values directly to TWALL(I).
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4.2 Flow Along Plane of Symmetry and Along Leading-Edge Attachment Line

KASE =2 for the flow along the plane of synnnetry

=3 for tile flow along leading-edge at.tachnwnt line

ISTOP

MKS

KSHALE

KTW

KROW

i-th step to st.op the computaion

=1 whel_ using the SI (MKS) Units (m, kg, sec,° K)

=0 when usilLg the English Units (ft, lb,._¢c," R)

=1 when the shape of nose or leading-edge is sharp (if there is no

stagnation point )

=0 when the shape of nose or leading-edge is blunted (if there is a

stagnation point)

--1 when the wall teml)erature is given as a boundary condition

(T\VTAI) B(I) must 1)e specified.)

=0 when adiabatic wall condition is used (TWTADB(I) is not

needed. Although it might be specified in the input, it will be neglected.)

=1 when wall mass injection exists (CQD(I) must be specified)

=0 when there is no wall mass injection (CQI)(I) is not needed.

All llough CQI)(1) might be specified below, it will be neglected.)

PR

RMINF

PINF

TINF

I)randt 1 Number

/ll,x, (free stream Mach nunll)er)

P,_. (free stream pressure) in N/m 2 (if MKS=I) or in lb/ft 2 (if MKS=0)

2/'_. (free stream tempel'attlre) in °K (if MKS=I) or in °R if (MKS=0)

UKMAX1

ZETAE

ZETAE and K_IAX will be increased in BLSTA so that (u/u_)I,-MAX-1 is

greater than this value, tyl)ically 0.99999.

_'¢ at i=l (guess value, note that ZETAE and KMAX is increased as
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DZETA1

RK

requiredevenat i=l, and as i increases)

A((1)

IMAX number of input stations where Cp is specified

XD(I)

YD(J)

XPD(I,J)

YPD(I,J)

SI(I,J)

UE( ,J)

VE(I,J)

HI(I,J)

n2(I,J)

COSTII(I,J)

X

Y

x' (for reference)

Y' (for reterence)

8

l/1

l/2

c o _'_0

CPD(I,1)

CQD(I)

TWTADB(I)

* 1 ) 2"2-c,,, (= (p

6, t (= (pw),,,/p,._[,%), Cq < 0 for suction

2;,,/7;,,,, (This is a required input if KTW=I)

The location of the first input station should be slightly downstream of the stagnation

point or nose tip for the flow along the 1)lane of symmetry (KASE=2). j=l designates the

plane of symmetry or the leading-edge attachment line. j=2 is off the plane of symmetry or

off the leading-edge attachment line.

To apply a more precise wall temperature condition, specify values directly to TWALL(I)

because T_,,,, was approxinlated by tlle Eq. (II.1).
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4.3 Swept Wing Flow

Input paran_eters written in the hlput file tot' swept wing flows are the same as Kaups-

Cebeci code [,5] inl)ut except the first two lines.

KASE =4 for swept wing flow with the spanwise conical flow assumption

=5 for delta wing flow with the streamwise conical flow assumption

KTW

KROW

INTEV

ISTABW

=1 when the wall temperature is given as a boundary condition

(TWTADB(I) must be specified.)

=0 when adiabatic wall condition is used (TWTADB(I) is not

needed. Although it might be specified in the input, it will be neglected.)

=1 when wall mass injection exists (CQD(I) must be specified below)

=0 when there is no wall mass injection (CQD(I) is not needed.

Although C.QD(I) might be specified below, it will be neglected.)

number of addit.ional points for the boundary-layer grid between each

inviscid inpul, station. If you want 2 more boundary-layer grid points

between each inviscid input station, set INTEV=2. This is usefill if the

inviscid grid is sparce or highly nonuniform. If you want the boundary-layer

grid the same as the inviscid grid, set INTEV=0. Setting INTEV > 0 may

cause early' convergence failure if the pressure distribution is not reasonable

near the stagnation point.

=0 output stations for the stability analysis will be the same as the inviscid

grid points(input stations).

=1 out.put stations for the stability analysis will be the same as the

l)oundary-layer grid points (used when INTEV -¢ 0)

NI

IMAX

number of inl)ut, stations for the airlk)il

number of input stations where pressure is specified
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ZETAE

DZETA1

ilk

t';stiulate(l valueof _, at the first station.

A((I)

Al'(k + l)/A_'(k)

CIIORD

SWLE

SWTE

RMINF

UI/EI"

PINF

TINF

Ptt

chor(l length in fl for the airfoil

lea(ling-edge sweep angle iu degrees (negative for swept-forward wing)

lrailing-edge sweep angle ill degrees (negative for swept-forward wing)

(_,ol used for I(ASI';=5)

:_/,_+(f'rce strcaln hla('h mlmber)

I'×. (free stream velocity) ill j't/scc, input only if-_lr_ ----0.

l_:(, (free stream pressure) in lb/,l't 2

"//ix (['l'ee Sll'ei_lll leml)erature ) ill °R

Prandtl Numl)er

A(I)

v(I)

X/c h)r (h'finiltg airfoil, where c= chord. A(I)=0.0 must t)e input if

cal('ulaliolls coulain the leading edge. Total of NI points

T/(' for detining airfoil, where c= chord. Y(I)=0.0 must be input if

calculations contailt the leading edge. Total of NI points

x(:(l)

CPI)(I,1)

CQ1)(I)

TWTADB(I)

IIKAPA(I)

.\/c of illl_ltl slatiolls, tolal of IMAX points, must include the stagnation

litwat I = 1.

('l, values at .\'/c of input stalions, total of IMAX points

C,j values (= (pu,),,,/[,._,l.'+7:,+), C v < 0 for suction. Total of IMAX points.

7;,./7', .... values, lot al of IMAX points. Required if 1,_TW=I

I'_appa value, l.ola] of IMAX points. Required for COSCIIR stability code.

5O



Tile following concerningsweepanglesA1and A2nlust beobserved.

AI > 0, A, > As t'o1"swept-back wil]g flow (I(ASE=4) (II.2.a)

,\, < 0, ,\2 < 0, At > ,i2 for swept-forward wing flow (KASE=4) (II.2.b)

A, > 0 tbr delta wing flow (KASE=5) (II.2.c)

As described in 1}ART I_ Appendix B, this code does not assume isentropic flow to calcu-

late the velocity components when the free stream Mach nt, mber is greater than RISENWG;

therefore, supersonic flow can be solved without replacing the flee stream condition by the

condition downstream of t lLe shock. The sweep angle does not need to be changed either.

Airfoil coordinates aim the pressure illpul t'o1"I£ASE=4 are along the streamwise direction

as shown on Figs. 3 and 1. Ilowever. airfoil coor(linates and the pressure input for I(ASE=5

should be along t.he dire('tion as indicaled on Fig. 5. A few extra points ah('ad of the

stagnation point should 1)e included ill the definition of the airfoil for proper interpolation

of the geometrical data near the stagnation 1)oint.

The first input station Inust 1)e the stagna.tion point and the p,'essure coefficient at this

point can be obtained analytically by the following equation for isentrol)ic flow (subsonic

flOW).

} 7, _ (II.3), 7- 1 _I2co. 2 A )'_/('r-1) 1 /931<..o,. 1 - -

For the swept wing flows, a variable normal grid is necessary because _ increases rapidly

as i increases. Tlle presenl, code employs a stretched normal grid which applies a constant

ratio between two ad.iacc,,t grid spacings, i.e., A(,'(k + 1)/A(,'(/,:) = h" = co,,st. The total

number of points across the 1)oundarv layer, I(MAX, can be calculated by the following

equation:

I(MAX =
+ - 1)(¢/A&)]

171h"

A uniform nortnal grid, of course, can be obtained by setting h: = 1.

(II.4)

For tyl)ical swel)t

typical swel)t wing, the following guide nlav l)e useful although it lnay differ {lel)en(ling o,1
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the velocity gradient at, the stagnation point.

Al - A2 _, 0.01 (in degrees)

,\,- A_ _ 1.0 (in degrees)

,\L - ,\2 _ 10. (in degrees)

,\1 - A2 _- 20. (in degrees)

Al -- A2 _> 30. (in degrees)

---+ G _ 0.01 (II.5.a)

----+q'_ < 0.1 (]I.5.b)

G < 0.2 (II.5.c)

-+ q'_ _< 0.4 (II.5.d)

---+G _< 1.0 (H.5.e)

Assuming ,,: = 1.05, if we choose A(, = g'_/500, we have 67 grid points at the stagnation

point.

In the code, TWAI,I,(I), which will 1oe used as the wall boun(lary condition, is calculated

from the input T\VTADB(I) (= 7;,,/T,,,,) value and the adibatic wall temperature (T_,)

which is al)pl'oximaled by the Eq. (II.1). Equation (II.1) gives a fairly accutare value for

T_,. Ilowever, to apply a more precise wall temperature condition, specify values directly

to TWALL(I).

BLSTA can use either SI unit or l;hlglisil unit. llowever, since the stal)ility analysis codes,

COSAL and COSCITI{ use l"mglisll units, English units should 1)e used for this case (swept

wing flows, KASE=4 aud 5).
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5. OUTP[TT DESCRIPTION

,5.1 Standard Output

The standard out.pul, t'roin Bt,STA is written on FORT.30 by subroutine OUTPUT.

(1) The flow condition and other input paralneters are echoed. This includes

KASE, ISTOP, MI{S, I,_SIIAIIE, NrI'W, I{I{O\V, PR, RMINF, PINF, TINF,

UKMAX1, ZETAE, I)ZI'_'I'A1, lilt, IMAX, CtlORD, Ill, E, INTEV, and ISTABW.

NI, S\VLE, S\VTE is added for NASE=4 and ,5.

Also the calculated free-stream conditions, CP(%, specific heat), ROINF(p_.),

RMYUINF (1',_.), RNUINI;'(,:,_.), AINI (a_,), \,:INI_ (I:_,)are printed.

(2) The velocity and temperature profiles for all the i step (i=l,..,lL) are printed:

C, F (= u/,,_:), G (= _,/l';._: or ,,.,,/I.;._::), T/%(= a_/p) for k=I,2,..,I{MAX, i=l,2,..,IL

(3) The boundary-layer edge condit.ions are prinl.ed:

u_, ,:_, P_, 2/;., p_, t*_, i:,, I';, and _/_ tbr i=l,2,..,IL

(4) The boundary-la3_'er parameters are printed:

XC(.¥/c), (:FX((':.,.), _:_l:_'II(a), DSl'TX(,52. ), TllMOX(x-lnomentum t hiclCness),

CFY(C:_), '' ..... =" ,,I)S1 1 '_ (b._,), TII OY(v-molnentum t hick,_ess), QXV(qw), TXVAI, L(?g)

for i=1,2,..,1L

The unit for q,, is l.V/n, 2 (if MI{S=I)or Bttt/.sec/.fl 2 (if MI{S=0).

5.2 Output t.o St.ability Analysis Codes

The profiles of the flows of 1{ASI';=0,1,2,3 are written by the subrout.ine OUTEMAL on

BFLOW which can be read by the 2-D and Axisylnmetric, spatial, linear st, ability analysis

code, eM'li'_ [17].
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13F I, () W

IM A X W number of output stations

IPS

KMAX

DSTZ

REY

RES

EPSXR

DRDX

YPD(I,1)

TttMOX(I)

BLTtt(I)

RETIIETA

RETIIM

PR

M I,¢S

station number

llUlllber of l)oints inside the boundary layer

length scale l = _'u_

lleynolds munl)er, = u_l/14, where 1= _u_

Length lleynolds nunlber, = (Uel/Ue) 2

llondimensional st, realnwise curvature, = It,

t," >0 for convex, t," <0 tk_r concave

(lr/d_, where r is local radius of body and _ measured along tile body

r; local radius of body

moment, urn thickness

boundary-layer thickness

momentunl t,hicl<ness lleynolds number (l_eo)

l_t:o/3 L

Prandtl Nunlber

= 1 xvilell using the SI (MKS) IInits (m, kg, _ec," I()

=0 when using lhe English Units (fl,lb,,_cc, ° R)

TE(I)

RMYUEI)(I)

UE(I,I)

SI(I,1)

XC(I)

1)oundary-layer edge teml)erature (7'_)

l_oundary'-layer edge viscosity (t*¢)

)(/c (added for reference)

ZACT(I,K)/DSTZ act, ual distance normal to tile wall devided 133,length scale, z/l
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It(1,I,K)

UP(I,()

UDP(I,()

R 0 EtiO( I,N )

TP(K)

TDP(K)

_l(,,/,,_ )/,/( : / l)

d(7'/7; )/d(=/I)

_1_(7'/7'_)/a( =/_)_

Tile profiles of the flows for NASI';=,I,5 (swept wings) are written by subroutine OUTCOS

on COSLNPI]T which can be read by lhe 3-1), t,elnporal, linear st,ability analysis codes,

COSAL [18] and C()S(II:I{ [19].

('O%I,NI'IJT

IM A X W

X0

CHORD

SWLE

VINF

nulnl)ev of OUllmt, sial,ions

chord lellgt, tl in ,/'Z for tlle airfoil

leading-edge sweep augle

xc(_)

XD(I)

VE(I,1)

RRW(I)

X/c

!1

s • arc h'llgl,h along a" coordinat, e

IPS

KMAX

DSTZ

REY

siation mlml)er

mlml)er of l>oint, s inside t,he boundary laver

length scale 1 = (5_

l_evnol(ls nutlll)er, = v¢l/u¢, wlle,'e l = 6"
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XKI(I)

EPS

UTDEL

cross-ilow I/eyuolds munber, = p_ Cma,: 60.01/#_, for COSCUR code

5; RI(APA(I)/(csi,,(SWLE)), for COSCUR code

5/c, for COSC,[III code

CAVD(I,1) I,,;

PE(I) p_

TE(1) 7;

ROED(I) p_

RMYUED(I) tt_

TWALL(I) T,u

ROED(I)/ROERO(I,1) p,,,

ZACT(I,K)/DSTZ

VTEMP(K)

vp(i<)

VDP(K)

UTEMP(I()

UP(I()

UDP(K)

ttOERO(I,I,:)

TP(I_)

TDP(K)

_-/l

U/Ue

(q_,l_,_)l(q:It)

,/_(_,/_,_)/,l( ://) _

--lilt' e

,q -,,/,,, )/,q :/z)

,l_(-,,/ ,,, )/(/( : / l)_

p_/p(= T/T_)

,l('r/T,)/,q:/l)

(l_(T/T_ )/d( :/l) _
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6. SAMPLE CASE INPUT

6.1 Flat plate

Flat plate
0

istop
21

pr
0.72
imax
21

x/c
0.000000
0 010000
0 O2OOOO

0 030000
0 04000O

0 050000
0 060000
0 07OO00

0 080000
0 090000
0 I00000
0 II0000
0 120000

0 130000
0 140000
0 150000

0 160000
0 170000

0 180000
0

0

mks kshale

0 1
rminf
2.0

chord rle
I. 0.

y/c
0 0

0 0
0 0
0 0

0 0
0 0

0 0
0 0

0 0
0 0
0 0

0 0
0 0
0 0

0 0
0 0

0 0
0 0
0 0

190000 0 0
200000 0 0

ktw krow kue
0 0 0

pinf tinf
25334.3 518.4

intev istabw

0 0

cp
0 0000
0 0000

0 0000
0 0000

0 0000
0 0000
0 0000

0 0000
0 0000
0 0000
0 0000
0 0000

0 0000
0 0000
0 0000

0 0000
0 0000
0 0000

0 0000
0 0000

0 0000

00
00
00

00
00

00
00

00
00
00
00
00
00

00
00
00

00
00

00
00

00

ukmaxl zetae
0.999999 8.0

cq
0 000000

0 000000
0 000000

0 000000
0 000000
0 000000

0.000000
0.000000

0.000000
0.000000
0 000000
0 000000
0 000000
0 000000

0 000000
0 000000

0 000000
0 000000
0 000000

0 000000
0 000000

twtadb
i0
i0

i0
i0

i0
I0

i0
i0
i0
i0
i0
i0

i0
i0
i0

I0
I0
I0

I0
i0

I0

dzetal

0.i

rk
1.0
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6.2 NACA 0012 airfoil

This input file was used to genera.le the result presented in PART I, section 5.2.1.

NACA 0012

0

istop mks

85 0 0

pr rminf

0.72 0.5

imax chord

85 0.28266

x/c

0.000000

0 000775

0 002955

0 006215

0 010168

0 014600

0 019392

0 024453

0 029746

0 035235

0 040894

0 046701

0 052644

0 058707

0 064883

0 071161

0 077527

0 083979

0 090506

0 097100

0 103757

0 117234

0 130892

0 144698

0 158623

0 172644

0 186741

0.200899

0.215106

0.229351

0.243625

0.257924

0.272242

0.286573

0.300918

0.315270

0.329629

0.343992

0.358359

0.372730

0.387100

0.401472

airfoil

kshale ktw krow

0 0

pinf

2116.0

rle intev

0. 0

y/c

0 000000

0 004841

0 009464

0 013564

0 017176

0 020384

0 023265

0 025893

0 028308

0 030530

0 032593

0 034525

0 036337

0 038036

0 039631

0 041134

0 042547

0 043883

0 045144

0 046333

0 047452

0 049494

0 051303

0 052898

0 054293

0 055505

0 056548

0 057432

0 058169

0 058767

0 059238

0 059598

0 059843

0 059980

0 060020

0 059967

0 059825

0 059600

0 059299

0 058926

0 058483

0 057975

kue

0

tinf

520.0

istabw

0

cp
1 064070

0 892081

0 610767

0 324677

0 104429

-0 047884

-0 152775

-0 232184

-0 292468

-0 333274

-0 363119

-0 389434

-0 411557

-0 428407

-0 440971

-0 450779

-0 457964

-0 464400

-0 470200

-0 475096

-0 477730

-0 479044

-0 479344

-0 477948

-0 474022

-0 469354

-0 463392

-0 456391

-0 449168

-0 439979

-0 430423

-0 422939

-0 413984

-0 403774

-0 394188

-0 384397

-0 374046

-0 363322

-0 353406

-0 343330

-0 333330

-0 323081

ukmaxl zetae dzetal rk

0.99999 7.0 0.i00 1.0

cq

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0 000000

0 000000

0 000000

0 00000@

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

twtadb

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

i 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

i000000

1.000000

1.000000

1.000000

1.000000

1.000000

1.000000

1.000000
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0 415846

0 430217

0 444588

0 458957

0 473326

0 487695

0 502059

0 516423

0 530785

0 545145

0 559501

0 573856

0 588207

0 602554

0 616900

0 631242

0 645577

0 659910

0 674235

0 688554

0 702865

0 717166

0 731454

0.745729

0 759983

0 774215

0 788415

0 802579

0 816697

0 830753

0 844735

0 858622

0 872391

0 886011

0 899451

0 912667

0 925617

0 938253

0 950523

0 962379

0 973779

0 984674

0 995024

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

057406

056774

056083

055336

054544

053701

052810

051879

.050902

049879

048818

047721

046587

045420

044224

042991

041724

040428

039102

037745

036361

034953

033514

032049

030562

029045

027504

025945

024364

022760

021138

019503

017860

016207

014549

012891

011241

009608

007999

006421

004881

003386

001952

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

0

0

0

0

0

0

0

0

0

0
0

0

313969

303939

293325

282234

273298

263542

252860

244331

234945

224334

214411

205009

195108

185450

177266

167714

157628

148539

139062

129007

119126

110205

099750

089578

080102

068917

057411

046723

035715

023096

009978

003225

016574

031380

047433

064860

084260

105485

129255

157685

192978

242692

343002

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0.000000

0.000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

1.000000

1.000000

1.000000

1.000000

1.000000

1.000000

1.000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1 000000

1.000000

1.000000

1.000000

1.000000
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6.3 Hypersonic cone

This input file was used 1o general e the result presented in PART I, section 5.2.2.

Hypersonic
1

istop

58

pr
0.72

imax

58

cone

mks

1 1

rminf

7.4

chord rle

i. 0.

x/c

005000

006000

OO70OO

008000

009000

010000

012000

014000

016000

01800O

O2O00O

022000

024000

026000

028000

030000

035000

O4OOOO

O45000

050000

055000

060000

065000

O7OOO0

O75000

080000

085000

090000

095000

097000

099000

i01000

103000

i05000

107000

109000

iii000

113000

115000

125000

135000

145000

kshale ktw

1

pinf

701.4

intev

0

(r

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

krow kue

1 0

tinf

69.7

istabw

0

-rle)/c

000437 0

000525 0

000612 0

OOO7OO 0

000787 0

00O875 0

OO1050 0

001225 0

001400 0

001575 0

001750 0

001925 0

002100 0

002275 0

002450 0

002625 0

003062 0

003500 0

003937 0

004374 0

004812 0

005249 0

005687 0

006124 0

006562 0

006999 0

007437 0

007874 0

008311 0

008486 0

008661 0

008836 0

009011 0

009186 0

009361 0

009536 0

009711 0

009886 0

010061 0

010936 0

011811 0

012686 0

ukmaxl zetae zetal rk

0.99999 5.0 0.005 1.05

cp

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

6O

cq

0.000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

0 000000

-0 0020754

-0 0020754

-0 0020754

-0 0020754

-0 0020754

-0 0020754

-0 0020754

-0 0020754

-0 0020754

-0 0020754

-0 0020754

-0 0020754

-0 0020754

twtadb

0 440700

0 440700

0 440700

0 440700

0 440700

0 440700

0 440700

0 440700

0 440700

0 440700

0 440700

0 440700

0 440700

0 440700

0 440700

0 440700

0 440700

0 440700

0 440700

0 440700

0 440700

0 440700

0 440700

0 440700

0 440700

0 440700

0 440700

0 440700

0 440700

0 440700

0 440700

0 440700

0 440700

0 440700

0 440700

0 440700

0 440700

0 440700

0 440700

0 440700

0 440700

0 440700



0
0

0
0
0
0

0
0

0
0

0
0
0
0

0
0

155000

165000

175000

185OOO

195000

205000

215000

225000

235000

245000

255000

265000

275000

285O0O

295000

3O5OOO

0
0

0
0
0
0

0
0

0
0

0
0
0
0

0
0

013561

014436

015311

016185

017060

017935

018810

019685

020560

021435

022310

023184

024059

024934

025809

026684

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

020200

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

0020754

0020754

0020754

0020754

0020754

0020754

0020754

0020754

0020754

0020754

0020754

0020754

0020754

0020754

0020754

0020754

440700

440700

440700

440700

440700

440700

440700

440700

440700

440700

440700

440700

440700

440700

440700

440700
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6.4 Axisymmetric engine nacelle

Engine nacelle external flow
1

istop mks kshale ktw krow
56 0 0 0 0

pr rminf pinf tinf
0.72 0.82 498.145 394.013

imax chord rle inter istabw

56 14.3 4.25 0 0

x/c
0.0238683256

0 0164744072

0 0103140282

0 0055795044

0 0021887510

0 0000000000

0 0014599675

0 0056109715

0 0111811832

0 0176661613

0 0251549880

0 0335803651

0 0428933413

0 0530431706

0 0639960788

0 0757221834

0 0881880014

0 1013622347

0 1152177741

0 1297320899

0 1448862411

0 1606642699

0 1770521761

0 1940369963

0 2116064374

02297489695

0 2484536975

0 2677103674

0.2875092786

0 3078412841

0 3286977320

0 3500704366

0 3719516374

0 3943339817

0 4172104607

0 4405743102

0 4644189467

0 4887377690

0 5135242811

0 5387721440

0 5644758112

0 5906321308

0 6172386384

0 6442919546

(r-rle)/c

-0 0204869641

-0 0168793666

-0 0128975952

-0 0086236824

-0 0045658737

0 0000000000

0 0051387024

0 0085813903

0 0113131167

0 0141906722

0 0170536214

0 0199254323

0 0227864298

0 0256447006

0 0284675950

0 0312211987

0 0339075743

0 0365418465

0 0391388779

0.0417051878

0.0442393140

0.0467312006

0.0491657984

0 0515277730

0 0538032291

0 0559787605

0 0580415091

0 0599788028

0 0617779173

0 0634258019

0 0649087944

0 0662123468

0 0673206586

0 0682164201

0 0688805972

0 0692928918

0 0694321954

0 0692782623

0 0688102521

0 0680053963

0 0668267161

0 0651894933

0 0629741575

0 0600429897

kue

0

ukmaxl zetae

0.99999 5.0

0

0

0

1

1

0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

-0

cp
6151417248

7887464320

9718194839

1049125354

1124471984

7048278453

0842995853

5854369694

6227023027

5492159541

5007490775

4527134120

4200126030

4025171908

3966051721

3897372348

3754882614

3572414199

3416229385

3326261400

3309526130

3353721378

3430597205

3516655119

3601120215

3682139709

3760610538

3837500080

3913308636

3988228827

4062423817

4135845297

4207987245

4277360508

4340833245

4394972038

4438936907

4479707927

4536920492

4641817715

4817351890

5025687672

5127644663

4899800994

dzetal rk

O.O5 1.0

cq
0 0000000000

0 0000000000

0 0000000000

0 0000000000

0 0000000000
0 0000000000

0 0000000000
0 0000000000
0 0000000000
0 0000000000

0 0000000000

0 0000000000

0 0000000000

0 0000000000

0.0000000000

0.0000000000

0.0000000000

0.0000000000

0.0000000000

0.0000000000

0.0000000000

0 0000000000

0 0000000000

0 0000000000

0 0000000000

0 0000000000

0 0000000000

0 0000000000

0 0000000000

0 0000000000
0 0000000000
0 0000000000

0 0000000000
0 0000000000
0 0000000000

0 0000000000

0 0000000000

0 0000000000

0 0000000000

0 0000000000

0 0000000000
0 0000000000

0 0000000000
0 0000000000

twta_

i0

i0

i0

i0

I0

i0

I0

i0

I0

i0

i0

I0

i0

i0

I0

i0

i0

I0

i0

i0

i0

I0

i0

I0

I0

i0

i0

i0

I0

i0

i0

i0

I0

i0

i0

i0

i0

I0

i0

i0

i0

I0

i0

i0
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6717855835

6997076802

7280428406

7567745415

7858881302

8153729797

8452233688

8754380855

9060191458

9369702317

9682957072

0000000000

0 0562771302

0 0516424902

0 0461947096

0 0400791629

0 0335065360

0 0267229901

0 0199787301

0 0135004870

0 0074787590

0.0020876729

-0.0024966698

-0.0060581764

-0

-0

-0

-0

-0

0

O.

O.

O.

O.

O.

O.

4192777548

3117699386

1975039140

0960932589

0073313301

0716443622

1392549527

1947019608

2388075692

2754120815

2995486827

3146850653

0 0000000000

0 0000000000

0 0000000000

0 0000000000

0 0000000000

0 0000000000

0 0000000000

0 0000000000

0 0000000000

0 0000000000

0 0000000000

0 0000000000

1 0

1 0

1 0

1 0

1 0

1 0

i 0

1 0

1 0

1 0

1 0

1 0



6.5 Ellipsoid of revolution along windward plane of symmetry

This is reduced input file fi'om which was used to genera.re tile result presented in PART I,

section 5.9.3.

Ellipsoid of revolution,

2

istop mks kshale ktw

20 0 0

pr rminf

0.72 0.05

imax

2O

0.400000E-02

0.800000E-02

0.180000E-01

0.280000E-01

0.000000E+00

1 1 0

0

1 2 0

0

2 1 0

0

2 2 0

0

3 1 0

0

3 2 0

0

4 1 0

0

4 2 0

0

5 1 0

0

5 2 0

0

6 1 0

0

6 2 0

0

7 1 0

0

7 2 0

0

8 1 0

0

8 2 0

0

9 1 0

0

9 2 0

0

windward plane of

krow

0 0

pinf tinf
2116. 520.0

0.450000E-02

0.100000E-01

0.200000E-01

0.300000E-01

0.872665E-01

400000E-02 0 000000E+00

000000E+00 0 296069E+01

400000E-02 0 194691E-02

169429E-01 0 296069E+01

450000E-02 0 000000E+00

000000E+00 0 281027E+01

450000E-02 0 206475E-02

169429E-01 0 281027E+01

500000E-02 0 000000E+00

000000E+00 0 268387E+01

500000E-02 0 217617E-02

169429E-01 0 268387E+01

550000E-02 0 000000E+00

000000E+00 0 257585E+01

550000E-02 0 228210E-02

169429E-01 0 257585E+01

600000E-02 0 000000E+00

000000E+00 0 248224E+01

600000E-02 0 238328E-02

169429E-01 0 248224E+01

800000E-02 0 000000E+00

000000E+00 0 220441E+01

800000E-02 0 275059E-02

169429E-01 0 220441E+01

100000E-01 0 000000E+00

000000E+00 0 201946E+01

100000E-01 0 307371E-02

169429E-01 0 201946E+01

120000E-01 0 000000E+00

000000E+00 0 188610E+01

120000E-01 0 336539E-02

169429E-01 0 188610E+01

140000E-01 0 000000E+00

000000E+00 0 178476E+01

140000E-01 0 363320E-02

169429E-01 0 178476E+01

ukmaxl

0.99999

0.500000E-02

0.120000E-01

0.220000E-01

0.320000E-01

symmetry

zetae dzetal rk

6.0 0.i 1.0

0.550000E-02

0.140000E-01

0.240000E-01

0.340000E-01

0.600000E-02

0.160000E-01

0.260000E-01

0.360000E-01

226936E-01

223383E-01

226936E-01

223383E-01

241363E-01

236904E-01

241363E-01

236904E-01

255099E-01

249687E-01

255099E-01

249687E-01

268248E-01

261841E-01

268248E-01

261841E-01

280893E-01

273450E-01

280893E-01

273450E-01

327760E-01

315595E-01

327760E-01

315595E-01

369999E-01

352668E-01

369999E-01

352668E-01

409054E-01

386135E-01

409054E-01

386135E-01

445763E-01

416863E-01

445763E-01

416863E-01

0 180332E+00

0 000000E+00

0 181028E+00

0 000000E+00

0 201077E+00

0 000000E+00

0 201768E+00

0 000000E+00

0 220376E+00

0 000000E+00

0 221063E+00

0 000000E+00

0 238433E+00

0 000000E+00

0 239115E+00

0 000000E+00

0 255407E+00

0 000000E+00

0 256084E+00

0 000000E+00

0 314700E+00

0 000000E+00

0 315359E+00

0 000000E+00

0 363744E+00

0 000000E+00

0 364387E+00

0 000000E+00

0 405468E+00

0 000000E+00

0 406095E+00

0 000000E+00

0 441657E+00

0 000000E+00

0 442270E+00

0 000000E+00
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i0 1 0

0

i0 2 0

0

Ii 1 0

0

II 2 0

0

12 1 0

0

12 2 0

0

13 1 0

0

13 2 0

0

14 1 0

0

14 2 0

0

15 1 0

0

15 2 0

0

16 1 0

0

16 2 0

0

17 1 0

0

17 2 0

0

18 1 0

0

18 2 0

0

19 1 0

0

19 2 0

0

20 1 0
0

20 2 0
0

0.967481E+00
0.900964E+00
0.748170E+00

0.630367E+00

0.000000E+00

0.000000E+00

0 000000E+00

0 000000E+00

0 100000E+01

0 100000E+01

0 100000E+01

0 100000E+01

160000E-01 0

000000E+00 0

160000E-01 0

169429E-01 0

180000E-01 0

000000E+00 0

180000E-01 0

169429E-01 0

200000E-01 0

000000E+00 0

200000E-01 0

169429E-01 0

220000E-01 0

000000E+00 0

220000E-01 0

169429E-01 0

240000E-01 0

000000E+00 0

240000E-01 0

169429E-01 0

.260000E-01 0

.000000E+00 0

.260000E-01 0

.169429E-01 0

.280000E-01 0

000000E+00 0

280000E-01 0

169429E-01 0

300000E-01 0

000000E+00 0

300000E-01 0

169429E-01 0

320000E-01 0

000000E+00 0

320000E-01 0

169429E-01 0

340000E-01 0

000000E+00 0

340000E-01 0

169429E-01 0

360000E-01 0

000000E+00 0

360000E-01 0

169429E-01 0

0 959568E+00

0 867690E+00

0 721999E+00

0 610318E+00

0 000000E+00

0 000000E+00

0 000000E+00

0 000000E+00

0 100000E+01

0 100000E+01

0 100000E+01

0 100000E+01

.000000E+00

170481E+01

388210E-02

170481E+01 0

000000E+00 0

163993E+01 0

411551E-02 0

163993E+01 0

000000E+00 0

158612E+01 0

433594E-02 0

158612E+01 0

000000E+00 0
154070E+01 0

454528E-02 0

154070E+01 0

000000E+00 0

150180E+01 0

474499E-02 0

150180E+01 0

000000E+00 0

146808E+01 0

493624E-02 0

146808E+01 0

000000E+00 0

143855E+01 0

511998E-02 0

143855E+01 0

000000E+00 0

141246E+01 0

529700E-02 0

141246E+01 0

000000E+00 0

138922E+01 0

546794E-02 0

138922E+01 0

000000E+00 0

136840E+01 0

563336E-02 0

136840E+01 0

000000E+00 0

134962E+01 0

579373E-02 0

134962E+01 0

0 951434E+00

0 835596E+00

0 697215E+00

0 591261E+00

0 000000E+00

0 O00000E+O0

0 O00000E+O0

0 000000E+00

0 100000E+01

0 100000E+01

0 100000E+01

0 100000E+01

0.480659E-01

0.445421E-01

0.480659E-01

0

0

0

445421E-01 0

514106E-01 0

472202E-01 0

514106E-01 0

472202E-01 0

546367E-01 0

497494E-01 0

546367E-01 0

497494E-01 0

577635E-01 0

521512E-01 0

577635E-01 0

521512E-01 0

608060E-01 0

544426E-01 0

608060E-01 0

544426E-01 0

637758E-01 0

566370E-01 0

637758E-01 0

566370E-01 0

666825E-01 0

587452E-01 0

666825E-01 0

587452E-01 0

695335E-01 0

607762E-01 0

695335E-01 0

607762E-01 0

723352E-01 0

627375E-01 0

723352E-0! 0

627375E-01 0

750928E-01 0

646355E-01 0

750928E-01 0

646355E-01 0

778108E-01 0

664756E-01 0

778108E-01 0

664756E-01 0

0 943149E+00

0 804939E+00

0 673736E+00

0 573128E+00

0 000000E+00

0 000000E+00

0 000000E+00

0 000000E+00

0 100000E+01

0 100000E+01

0 100000E+01

0 100000E+01

473498E+00

000000E+00

474097E+00

000000E+00

501827E+00

000000E+00

502413E+00

000000E+00

527258E+00

000000E+00

527832E+00

000000E+00

550259E+00

000000E+00

550822E+00

000000E+00

571195E+00

000000E+00

571747E+00

000000E+00

590356E+00

000000E+00

590897E+00

000000E+00

607975E+00

000000E+00

608506E+00

000000E+00

624245E+00

000000E+00

624767E+00

000000E+00

639327E+00

000000E+00

639840E+00

000000E+00

653354E+00

000000E+00

653859E+00

000000E+00

666441E+00

000000E+00

666938E+00

000000E+00

0.934767E+00

0.775800E+00

0.651480E+00

0.555857E+00

0.000000E+00

0.000000E+00

0.000000E+00

0.000000E+00

0.100000E+01

0.100000E+01

0.100000E+01

0.100000E+01
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6.6 Ellipsoid of revolution alollg leewaFd plane of symmetry

This is reduced input file t'l'OITl whicll was used to generate t.lle result 1)resented in PART I,

section 5.2.a.

Ellipsoid of revolution,
2

istop mks kshale ktw
2O 0 0 0

pr rminf pinf
0.72 0.05 2116.

imax

2O
0.400000E-02

0.800000E-02

0.180000E-01

0.280000E-01

0.314159E+01

1

1 36

2 37

2 36

3 37

3 36

4 37

4 36

5 37

5 36

6 37

6 36 0

o

7 37 0

-0
7 36 0

o
8 37 0

-0

8 36 0

0

9 37 0

-0
9 36 0

o

37 0

-0

0

0

0

-0

0

0

0

-0

0

0

0

-0

0

0

0

-0

0

0

leeward plane of symmetry

krow

o
tinf ukmaxl zetae dzetal rk

520.0 0.99999 6.0 0.i 1.0

0.450000E-02

0.100000E-01

0.200000E-01

0.300000E-01

0.305433E+01

400000E-02

666833E-15

400000E-02

169429E-01

450000E-02

666833E-15

450000E-02

169429E-01

500000E-02

666833E-15

500000E-02

169429E-01

550000E-02

666833E-15

550000E-02

169429E-01

600000E-02

666833E-15

600000E-02

169429E-01

0 800000E-02

-0.666833E-15

800000E-02

169429E-01

100000E-01

666833E-15

100000E-01

169429E-01

120000E-01

666833E-15

120000E-01

169429E-01

140000E-01

666833E-15

140000E-01

169429E-01

0.500000E-02

0.120000E-01

0.220000E-01

0.320000E-01

-0 766260E-16

0 296069E+01

0 194691E-02

0 296069E+01

-0 812639E-16

0 281027E+01

0 206475E-02

0 281027E+01

-0 856490E-16

0 268387E+01

0 217617E-02

0 268387E+01

-0 898181E-16

0 257585E+01

0 228210E-02

0 257585E+01

-0 938002E-16

0 248224E+01

0 238328E-02

0 248224E+01

-0 I08257E-15

0 220441E+01

0 275059E-02

0 220441E+01

-0 120974E-15

0 201946E+01

0 307371E-02

0 201946E+01

-0 132454E-15

0 188610E+01

0 336539E-02

0 188610E+01

-0 142994E-15

0 178476E+01

0.363320E-02

0.178476E+01

0.550000E-02

0.140000E-01

0.240000E-01

0.340000E-01

0 226936E-01

0 223383E-01

0 226936E-01

0 223383E-01

0 241363E-01

0 236904E-01

0 241363E-01

0 236904E-01

0 255099E-01

0 249687E-01

0 255099E-01

0 249687E-01

0 268248E-01

0 261841E-01

0 268248E-01

0 261841E-01

0 280893E-01

0 273450E-01

0 280893E-01

0 273450E-01

0 327760E-01

0 315595E-01

0 327760E-@I

0 315595E-01

0 369999E-01

0 352668E-01

0 369999E-01

0 352668E-01

0 409054E-01

0 386135E-01

0 409054E-01

0 386135E-01

0 445763E-01

0 416863E-01

0 445763E-01

0 416863E-01

0.600000E-02

0.160000E-01

0.260000E-01

0.360000E-01

0 546279E+00

0 000000E+00

0 545583E+00

0 000000E+00

0 564425E+00

0 000000E+00

0 563734E+00

0 000000E+00

0 581176E+00

0 000000E+00

0 580490E+00

0 000000E+00

0 596734E+00

0 000000E+00

0 596053E+00

0 000000E+00

0 611256E+00

0 000000E+00

0 610579E+00

0 000000E+00

0 661190E+00

0 000000E+00

0 660531E+00
0 000000E+00

0 701525E+00

0 000000E+00

0 700883E+00

0 000000E+00

0 735119E+00

0 000000E+00

0 734492E+00

0 000000E+00

0 763693E+00

0 000000E+00

0 763081E+00

0 000000E+00
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i0

i0

Ii

ii

12

12

13

13

14

14

15

15

16

16

17

17

18

18

19

19

2O

20

0

0

0

0

0

0

0

0

0

0

0

0

37 0

-0

36 0

0

37 0

-0

36 0

0

37 0

-0

36 0

0

37 0

-0

36 0

0

37 0

-0

36 0

0

37 0

-0

36 0

0

37 0

-0

36 0

0

37 0

-0

36 0

0

37 0

-0

36 0

0

37 0

-0

36 0

0

37 0

-0

36 0

0

701579E+00

562828E+00

343942E+00

212401E+00

000000E+00

000000E+00

000000E+00

000000E+00

100000E+01

100000E+01

100000E+01

100000E+01

160000E-01

666833E-15

160000E-01

169429E-01

180000E-01

666833E-15

180000E-01

169429E-01

200000E-01

666833E-15

200000E-01

169429E-01

220000E-01

666833E-15

220000E-01

169429E-01

240000E-01

666833E-15

240000E-01

169429E-01

260000E-01

666833E-15

260000E-01

169429E-01

280000E-01

666833E-15

280000E-01

169429E-01

300000E-01

666833E-15

300000E-01

169429E-01

320000E-01

666833E-15

320000E-01

169429E-01

340000E-01

666833E-15

340000E-01

169429E-01

360000E-01

666833E-15

360000E-01

169429E-01

-0 1

0 1

0 3

0 1

-0 1

0 1

0 4

0 1

-0 1

0 1

0 4

0 1

-0 1

0 1

0 4

0 1

-0 1

0 1

0 4

0 1

-0 1

0 1

0 4

0 1

-0 2

0 1

0 5

0 1

-0 2

0 1

0 5

0 1

-0 2

0 1

0 5

0 1

-0 2

0 1

0 5

0 1

-0 2

0 1

0 5

0 1

52791E-15

70481E+01

88210E-02

70481E+01

61977E-15

63993E+01

I1551E-02

63993E+01

70653E-15

58612E+01

33594E-02

58612E+01

78892E-15

54070E+01

54528E-02

54070E+01

86752E-15

50180E+01

74499E-02

50180E+01

94279E-15

46808E+01

93624E-02

46808E+01

01511E-15

43855E+01

I1998E-02

43855E+01

08478E-15

41246E+01

29700E-02

41246E+01

15205E-15

38922E+01

46794E-02

38922E+01

21716E-15

36840E+01

63336E-02

36840E+01

28028E-15

34962E+01

79373E-02

34962E+01

0 681424E+00

0 507862E+00

0 312681E+00

0 192118E+00

0 000000E+00

0 000000E+00

0 000000E+00

0 000000E+00

0 100000E+01

0 100000E+01

0 100000E+01

0 100000E+01

0 480659E-01

0 445421E-01

0 480659E-01

0 445421E-01

0 514106E-01

0 472202E-01

0 514106E-01

0 472202E-01

0 546367E-01

0 497494E-01

0 546367E-01

0 497494E-01

0 577635E-01

0 521512E-01

0 577635E-01

0 521512E-01

0 608060E-01

0 544426E-01

0 608060E-01

0 544426E-01

0 637758E-01

0 566370E-01

0 637758E-01

0 566370E-01

0 666825E-01

0 587452E-01

0 666825E-01

0 587452E-01

0 695335E-01

0 607762E-01

0 695335E-01

0 607762E-01

0 723352E-01

0 627375E-01

0 723352E-01

0 627375E-01

0 750928E-01

0 646355E-01

0 750928E-01

0 646355E-01

0 778108E-01

0 664756E-01

0 778108E-01

0 664756E-01

0 662234E+0

0 459600E+0

0 284230E+0

0 173336E+0

0 000000E+0

0 000000E+0

0 000000E+0

0 000000E+0

0 100000E+0

0 100000E+0

0 100000E+0

0 100000E+0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

I 0

i 0

I 0

i 0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

788382E+00

000000E+00

787783E+00

000000E+00

809974E+00

000000E+00

809388E+00

000000E+00

829047E+00

000000E+00

828473E+00

000000E+00

846032E+00

000000E+00

845469E+00

000000E+00

861264E+00

000000E+00

860712E+00

000000E+00

.875005E+00

.000000E+00

.874464E+00

.000000E+00

.887468E+00

000000E+00

886936E+00

000000E+00

898823E+00

000000E+00

898300E+00

000000E+00

909211E+00

000000E+00

908697E+00

000000E+00

918751E+00

000000E+00

918246E+00

000000E+00

927540E+00

000000E+00

927044E+00

000000E+00

643908E+00

416773E+00

258225E+00

155897E+00

000000E+00

000000E+00

000000E+00

000000E+00

100000E+01

100000E+01

100000E+01

100000E+01

0 626366E+00

0 378454E+00

0 234365E+00

0 139669E+00

0 000000E+00

0 000000E+00

0 000000E+00

0 000000E+00

0 100000E+01

0 100000E+01

0 100000E+01

0 100000E+01
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6.7 Infinite swept cylider along the leading-edge attachment line

This input file was used t,o generate tile result presented in PART l, section 5.2.4.

Infinite swept cylinder leading-edge attachment line

ktw krow

0 0

pinf tinf ukmaxl zetae dzetal rk

2116.8 520.0 0.99999 3.5 0.001 1.05

0.200000E-01 0.300000E-01 0.4000

0.700000E-01 0.800000E-01 0.9000

0.174533E-01

3

istop mks kshale

4 0 0

pr rminf
0.72 0.126675

imax

i0

0.100000E-01

0.600000E-01

0.000000E+00

1

1

2

2

3

3

4

4

5

2

0

1 0

0

2 0

0

1 0

0

2 0

0

1 0

0

2 0

0

1 0

0

2 0

0

1 0

0

2 0

0

1 0

0

2 0

0

1 0

0

2 0

0

1 0

0

2 0

0

0 000000E+00

0 359535E-II

0 000000E+00

0 174547E-01

0 000000E+00

0 359535E-II

0 000000E+00

174547E-01

000000E+00

359535E-II

000000E+00

174547E-01

000000E+00

.359535E-II

.000000E+00

174547E-01

000000E+00

359535E-II

000000E+00

174547E-01

000000E+00

359535E-II

000000E+00

174547E-01

000000E+00

359535E-II

000000E+00

174547E-01

000000E+00

359535E-II

000000E+00

174547E-01

000000E+00

359535E-II

000000E+00

174547E-01

000000E+00

359535E-II

000000E+00

174547E-01

0 000000E+00

0 100000E+01

0 000000E+00

0 100000E+01

0 000000E+00

0 100000E+01

0 000000E+00

0 100000E+01

0 000000E+00

0 100000E+01

0 000000E+00

0 100000E+01

0 000000E+00

0 100000E+01

0 000000E+00

0 100000E+01

0 000000E+00

0 100000E+01

0 000000E+00

0 100000E+01

0 000000E+00

0 100000E+01

0 000000E+00

0 100000E+01

0.000000E+00

0 100000E+01

0 000000E+00

0 100000E+01

0 000000E+00

0 100000E+01

0 000000E+00

0 100000E+01

0 000000E+00

0 100000E+01

0 000000E+00

0 100000E+01

0 000000E+00

0 100000E+01

0 000000E+00

0 100000E+01

5

6

6

7

7

8

8

9

9

i0

i0

0 100000E-01

0 375000E+00

0 100000E-01

0 375000E+00

0 200000E-01

0 375000E+00

0 200000E-01

0 375000E+00

0 300000E-01

0 375000E+00

0 300000E-01

0 375000E+00

0 400000E-01

0 375000E+00

0 400000E-01

0 375000E+00

0 500000E-01

0 375000E+00

0 500000E-01

0 375000E+00

0 600000E-01

0 375000E+00

0 600000E-01

0.375000E+00

0.700000E-01

0.375000E+00

0 700000E-01

0 375000E+00

0 800000E-01

0 375000E+00

0 800000E-01

0 375000E+00

0 900000E-01

0 375000E+00

0 900000E-01

0 375000E+00

0 100000E+00

0 375000E+00

0 100000E+00

0 375000E+00

00E-01 0.500000E-01

00E-01 0.100000E+00

0 866025E+00

0 000000E+00

0 866025E+00

0 000000E+00

0 866025E+00

0 000000E+00

0 866025E+00

0 000000E+00

0 866025E+00

0 000000E+00

0 866025E+00

0 000000E+00

0 866025E+00

0 000000E+00

0 866025E+00

0 000000E+00

0 866025E+00

0 000000E+00

0 866025E+00

0 000000E+00

0 866025E+00

0 000000E+00

0 866025E+00

0 000000E+00

0 866025E+00

0 000000E+00

0.866025E+00

0.000000E+00

0 866025E+00

0 000000E+00

0 866025E+00

0 000000E+00

0 866025E+00

0 000000E+00

0 866025E+00

0 000000E+00

0 866025E+00

0 000000E+00

0 866025E+00

0 000000E+00
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0

0

0

0

0

0

250251E+00

250251E+00

000000E+00

000000E+00

100000E+01

100000E+01

0 250251E+00

0 250251E+00

0 000000E+00

0 000000E+00

0 100000E+01

0 100000E+01

0 250251E+00

0 250251E+00

0 000000E+00

0 000000E+00

0 100000E+01

0 100000E+01

0 250251E+00

0 250251E+00

0 000000E+00

0 000000E+00

0 100000E+01

0 100000E+01

0.250251E+00

0.250251E+00

0.000000E+00

0.000000E+00

0.100000E+01

0.100000E+01

69



6.8 Swept-back wing

This input file was used to generate tlle result presented in PART I, section 5.2.5.

F-14

4

0 1
51

VSTFE CLEAN-UP GLOVE

5.425594 22.18

1616606

1414880

1213054

1011129

0809103

0606977

0404044

0202426

0100719

0050211

0019336

0000000

0019336

0050211

0100719

0202426

0404044

0606977

0809103

1011129

1213054

1414880

1616606

1818233

.2019760

2221187

2422515

2623744

2824873

3025903

3226834

3427665

3628398

3829032

4029567

4230003

4430340

4630579

4830719

5030761

5230704

5630296

6029494

6428300

6826715

7025776

0 0
48 0.20000 0.0010000

4 .68

- 026293

- 025746

- 025077

- 024245

- 023164

- 021610

- 019449

- 015618

- 012127

- 009162

- 0058652

0000000

0061704

0097646

0136796

0192767

0271152

0329864

0379677

0422232

0459822

0493646

0524201

0551935

0576876

0599615

0619935

0638032

0653983

0667787

0679643

0688854

.0697315

0703230

0707373

0709645

0710145

0708873

0705982

0701466

0695354

0678540

0656117

0628557

0596285

0577982

1.05
.80 .0 785.30000 430.00000

7O

.72



7224739

7423604

7622372

7821042

8019615

0001219

0008643

0016067

0023491

0030916

0038340

0060612

0082885

0105158

0127431

0149703

0171976

0194249

0246218

0298188

0350158

0402127

0454097

.0506067

0558036

0669400

0780763

0892127

1003490

1114854

1226217

1337581

1448944

1656823

1864701

2072580

2280459

2488337

2696216

2904094

3111973

3319851

3527730

3787578

4047426

4307275

4567123

4826971

5086819

5230704

5391213

5695606

6000000

0559902

0540278

0519857

0498664

0476850

9828369

9291969

855853O

7860392

7235947

6685212

5306466

4146636

3174372

2479026

1841853

1250204

0695431

- 0133144

- 0815164

- 1439954

- 2019712

- 2352954

- 2656347

- 2944504

- 3357120

- 3613739

- 3837189

- 4043051

- 4173073

- 4298466

- 4457382

- 4610751

- 4949900

- 5317120

- 5662568

- 5959700

- 6247629

- 6515539

- 6774718

- 7032281

- 7290463

- 7545299

- 7868917

- 8187169

- 8478254

- 8746795

- 8885065

- 8964149

- 8887564

- 8802513

- 8642401

- 8483981

.0000000

.0000000

.0000000

.0000000

.0000000

.0000000

.0000000

0000000

0000000

0000000

0000000

0000000

0000000

0000000

0000000

0000000

0000000

0000000

- 0007000

- 0O07OO0

- 00O700O

- OOO7OOO

- OOO7OOO

- 000700O

- 0O07O00

- OOO7OOO

- OOO7OO0

- 0OO7OOO

- 0007O00

- 0OO7OO0

- 0O07000

- 0OO70OO

-OOO7OOO

-.O0O7O00

- 00070O0

- OOO7OOO

- 0OO70OO

0000000

0000000

0000000

0000000

0000000

0000000

0000000

0000000

0000000

0000000

0000000

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

000000

000000

000000

000000

000000

000000

000000

000000

000000

000000

000000

000000

000000

000000

000000

000000

000000

000000

000000

000000

000000

000000

000000

000000

000000

000000

000000

000000

000000

000000

000000

.000000

000000

000000

000000

000000

000000

000000

000000

000000

000000

000000

000000

000000

000000

000000

000000

000000

7]



.

To reduce the size of output,

FORT.30 will be shown.

SAMPI,E CASE OI_TPUT

data, only the boundary-layer parameters

7.1 Flat plate

written on file

i x/c cfx blth dsptx

cfy dspty thmoy twall

1

2

3

4

5

6

7

8

9

i0

ii

12

13

14

15

16

17

18

19

20

21

0.000000E+00

0.000000E+00

0.100000E-01

0.000000E+00

0.200000E-01

0 000000E+00

0 300000E-01

0 000000E+00

0 400000E-01

0 000000E+00

0 500000E-01

0 000000E+00

0 600000E-01

0 000000E+00

0 700000E-01

0.000000E+00

0.800000E-01

0.000000E+00

0.900000E-01

0.000000E+00

0.100000E+00

0.000000E+00

0.110000E+00

0.000000E+00

0.120000E+00

0 000000E+00

0 130000E+00

0 000000E+00

0 140000E+00

0 000000E+00

0 150000E+00

0 000000E+00

0 160000E+00

0 000000E+00

0 170000E+00

0 000000E+00

0 180000E+00

0 000000E+00

0 190000E+00

0 000000E+00

0 200000E+00

0 000000E+00

0 000000E+0

0 000000E+0

0 484239E-0

0 000000E+0

0 342408E-0

0 000000E+0
0 279575E-0

0 000000E+0

0 242119E-0

0 000000E+0

0 216558E-0

0 000000E+0

0 197690E-0

0 000000E+0
0 183025E-0

0 000000E+0
0 171204E-0

0 000000E+0
0 161413E-0

0 000000E+0

0 153130E-0

0 000000E+0
0 146003E-0

0 000000E+0

0 139788E-0

0 000000E+0
0 134304E-0

0 000000E+0

0 129418E-0

0 000000E+0
0 125030E-0

0 000000E+0

0 121060E-0

0 000000E+0
0 I17445E-0

0 000000E+0

0 I14136E-0

0 000000E+0

0 III092E-0

0 000000E+0
0 I08279E-0

0 000000E+0

0 0
0 0
3 0

0 0

3 0

0 0

3 0

0 0

3 0

0 0

3 0

0 0

3 0

0 0
3 0

0 0

3 0

0 0

3 0

0 0

3 0

0 0

3 0

0 0

3 0

0 0
3 0

0 0
3 0

0 0
3 0

0 0

3 0

0 0
3 0

0 0

3 0

0 0
3 0

0 0
3 0

0 0

000000E+00 0

000000E+00 0

517312E-04 0

000000E+00 0

731589E-04 0

000000E+00 0

896010E-04 0

000000E+00 0

I03462E-03 0

000000E+00 0

I15674E-03 0

000000E+00 0

126715E-03 0

000000E+00 0

136868E-03 0

000000E+00 0

146318E-03 0

000000E+00 0

155194E-03 0

000000E+00 0

163588E-03 0

000000E+00 0

171573E-03 0

000000E+00 0

179202E-03 0

000000E+00 0

186519E-03 0

000000E+00 0

193560E-03 0

000000E+00 0

200354E-03 0

000000E+00 0

206925E-03 0

000000E+00 0

213293E-03 0

000000E+00 0

219477E-03 0

000000E+00 0

225491E-03 0

000000E+00 0

231349E-03 0

000000E+00 0

000000E+00

000000E+00

251080E-04

868923E+03

355080E-04

868923E+03

434883E-04

868923E+03

502160E-04

868923E+03

561431E-04

868923E+03

615017E-04

868923E+03

664295E-04

868923E+03

710161E-04

868923E+03

753239E-04 0

868923E+03 -0

793984E-04 0

868923E+03 -0

832737E-04 0

868923E+03 -0

869766E-04 0

868923E+03 -0

905281E-04 0

868923E+03 -0

939455E-04 0

868923E+03 -0

972428E-04 0

868923E+03 -0

I00432E-03 0

868923E+03 -0

I03523E-03 0

868923E+03 -0

I06524E-03 0

868923E+03 -0

I09443E-03 0

868923E+03 -0

I12286E-03 0

868923E+03 -0

thmox

qw

0 000000E+00

0 000000E+00

0 483610E-05

-0 150288E+01

0 683927E-05

-0 I06270E+01

0 837636E-05

-0 867689E+00

0 967219E-05

-0 751441E+00

0 I08138E-04

-0 672109E+00

0 I18460E-04

-0 613549E+00

0 127951E-04

-0 568036E+00

0 136785E-04

-0 531349E+00

145083E-04

500960E+00

152931E-04

475253E+00

160395E-04

453136E+00

167527E-04

433844E+00

174368E-04

416824E+00

180950E-04

401662E+00

187301E-04

388042E+00

193444E-04

375720E+00

199397E-04

364502E+00

205178E-04

354233E+00

210801E-04

344785E+00

216277E-04

336054E+00
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7.2 NACA 0012 airfoil

1

2

3

4

5

6

7

8

9

i0

ii

12

13

14

15

16

17

18

19

20

21

22

23

24

25

x/c

cfy

0.000000E+00

0.000000E+00

0.775000E-03

0.000000E+00

0.295500E-02

0.000000E+00

0.621500E-02

0.000000E+00

0.I01680E-01

0.000000E+00

0.146000E-01

0.000000E+00

0.193920E-01

0.000000E+00

0.244530E-01

0.000000E+00

0.297460E-01

0.000000E+00

0.352350E-01

0.000000E+00

0 408940E-01

0 000000E+00

0 467010E-01

0 000000E+00

0 526440E-01

0 000000E+00

0 587070E-01

0 000000E+00

0 648830E-01

0 000000E+00

0 711610E-01

0 000000E+00

0 775270E-01

0 000000E+00

0 839790E-01

0 000000E+00

0 905060E-01

0 000000E+00

0 971000E-01

0 000000E+00

0 I03757E+00

0 000000E+00

0 I17234E+00

0 000000E+00

0 130892E+00

0 000000E+00

0 144698E+00

0 000000E+00

0 158623E+00

0 000000E+00

cfx

dspty

0 000000E+00
0 000000E+00

0 495157E-01

0 000000E+00
0 250882E-01

0 000000E+00

0 166742E-01

0 000000E+00

0 121680E-01

0 000000E+00
0 941305E-02

0 000000E+00

0 766982E-02

0 000000E+00

0 650778E-02

0 000000E+00

0 560452E-02

0 000000E+00

0 488171E-02

0 000000E+00
0 437027E-02

0 000000E+00
0 399905E-02

0 000000E+00

0 367386E-02

0 000000E+00

0 337700E-02

0 000000E+00

0 312142E-02

0 000000E+00

0 290185E-02

0 000000E+00

0 272025E-02

0 000000E+00
0 257701E-02

0 000000E+00

0 245206E-02

0 000000E+00
0 232289E-02

0 000000E+00

0 219169E-02

0 000000E+00

0 198242E-02

0 000000E+00

0 182297E-02

0 000000E+00
0 167648E-02

0 000000E+00

0 154640E-02

0.000000E+00

0
0
0

0
0
0

0
0
0
0

0
0

0
0

0
0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

blth

thmoy

000000E+00

000000E+00

852824E-04

000000E+00

I02382E-03

000000E+00

I19106E-03

000000E+00

138414E-03

000000E+00

159176E-03

000000E+00

179854E-03

000000E+00

200040E-03

000000E+00

220015E-03

000000E+00

240048E-03

000000E+00

259342E-03

000000E+00

277574E-03

000000E+00

295311E-03

000000E+00

313138E-03

000000E+00

330562E-03

000000E+00

347783E-03

000000E+00

364579E-03

000000E+00

380758E-03

000000E+00

0 396351E-03

0 000000E+00

0 412124E-03

0 000000E+00

0 427771E-03

0.000000E+00

0.458722E-03

0.000000E+00

0.488208E-03

0.000000E+00

0.517222E-03

0.000000E+00

0.545901E-03

0.000000E+00

dsptx

twall

0 000000E+00

0 000000E+00

0 215699E-04

0 545375E+03

0 266100E-04

0 544426E+03

0 318478E-04

0 543406E+03

0 381869E-04

0 542555E+03

0 452794E-04

0 541932E+03

0 525144E-04

0 541490E+03

0 595256E-04

0 541160E+03

0 666347E-04

0 540912E+03

0 739434E-04

0 540734E+03

0 809198E-04

0 540601E+03

0 873951E-04

0 540491E+03

0 937532E-04

0 540399E+03

0 I00198E-03

0 540327E+03

0 I06644E-03

0 540271E+03

0 I13038E-03

0 540228E+03

0 I19258E-03

0 540195E+03

0 125154E-03

0 540167E+03

0 130836E-03

0 540143E+03

0 136626E-03

0 540123E+03

0 142646E-03

0 540110E+03

0 154454E-03

0 540099E+03

0 165712E-03

0 540097E+03

0 176968E-03

0 540104E+03

0 188243E-03

0 540118E+03

thmox

qw

0.000000E+00
0.000000E+00

0.952800E-05

-0.729836E+01

0.I14849E-04

-0.130195E+02

0.134165E-04

-0.148705E+02

0.156829E-04

-0.121798E+02

0.181766E-04

-0.877449E+01

0.207107E-04

-0 642159E+01

0 231665E-04

-0 497353E+01

0 256091E-04

-0 363998E+01

0 280756E-04

-0 253464E+01

0 304633E-04

-0 201267E+01

0 327215E-04

-0 175704E+01

0 349129E-04

-0 143119E+01

0 370848E-04

-0 I08580E+01

0 392359E-04

-0 826581E+00

0 413584E-04

-0 629495E+00

0 434362E-04

-0 505497E+00

0 454434E-04

-0 456180E+00

0 473884E-04

-0 403273E+00

0 493140E-04

-0 289249E+00

0 512520E-04

-0 156901E+00

0 550697E-04

-0 379250E-01

0 587479E-04

0 133113E-01

0 623528E-04

0 910654E-01

0 659050E-04

0 151775E+00
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26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

0 172644E+00

0 000000E+00

0 186741E+00

0 000000E+00

0 200899E+00

0 000000E+00

0 215106E+00

0 000000E+00

0 229351E+00

0 000000E+00

0 243625E+00

0 000000E+00

0 257924E+00

0 000000E+00

0 272242E+00

0 000000E+00

0 286573E+00

0 000000E+00

0 300918E+00

0 000000E+00

0 315270E+00

0 000000E+00

0 329629E+00

0 000000E+00

0 343992E+00

0 000000E+00

0 358359E+00

0 000000E+00

0 372730E+00

0 000000E+00

0 387100E+00

0 000000E+00

0 401472E+00

0 000000E+00

0 415846E+00

0 000000E+00

0 430217E+00

0 000000E+00

0 444588E+00

0 000000E+00

0 458957E+00

0 000000E+00

0 473326E+00

0 000000E+00

0 487695E+00

0 000000E+00

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

143449E-02 0

000000E+00 0

132994E-02 0

000000E+00 0

123895E-02 0

000000E+00 0

I14714E-02 0

000000E+00 0

I05472E-02 0

000000E+00 0

998273E-03 0

000000E+00 0

948108E-03 0

000000E+00 0

872308E-03 0

000000E+00 0

806571E-03 0

000000E+00 0

754748E-03 0

.000000E+00 0

.696915E-03 0

.000000E+00 0

.634864E-03 0

000000E+00 0

586320E-03 0

000000E+00 0

546420E-03 0

000000E+00 0

502311E-03 0

000000E+00 0

455670E-03 0

000000E+00 0

422837E-03 0

000000E+00 0

386999E-03 0

000000E+00 0

321864E-03 0

000000E+00 0

242323E-03 0

000000E+00 0

206234E-03 0

000000E+00 0

184615E-03 0

000000E+00 0

000000E+00 0

000000E+00 0

573779E-03

000000E+00

601694E-03

000000E+00

628882E-03

000000E+00

656482E-03

000000E+00

684224E-03

000000E+00

710749E-03

000000E+00

736188E-03

000000E+00

763204E-03

.000000E+00

.790449E-03

.000000E+00

.816888E-03

.000000E+00

.844151E-03

.000000E+00

872225E-03

000000E+00

899933E-03

000000E+00

926862E-03

000000E+00

954566E-03

000000E+00

983070E-03

000000E+00

I01051E-02

000000E+00

I03841E-02

000000E+00

I07186E-02

000000E+00

II1228E-02

000000E+00

I14607E-02

000000E+00

I17689E-02

000000E+00

000000E+00

000000E+00

0

0

0

0

0

0

0

0

0

0

0

0

0

199399E-03

540138E+03

210683E-03

540164E+03

221905E-03

540192E+03

233532E-03

540225E+03

245795E-03

540263E+03

256948E-03

540300E+03

267649E-03

0 540336E+03

0.279913E-03

0.540374E+03

0.292504E-03

0.540416E+03

0.304733E-03

0.540457E+03

0.317695E-03

0.540499E+03

0.331716E-03

0.540543E+03

0 345480E-03

0 540587E+03

0 358838E-03

0 540630E+03

0 372916E-03

0 540673E+03

0 387973E-03

0 540716E+03

0 402210E-03

0 540758E+03

0 417052E-03

0 540799E+03

0 437166E-03

0 540842E+03

0 463352E-03

0 540889E+03

0 484547E-03

0 540933E+03

0 502658E-03

0 540973E+03

0 000000E+00

0 000000E+00

0.693890E-04

0.189371E+00

0.728367E-04

0.230475E+00

0.762361E-04

0.252147E+00

0.796277E-04

0.286715E+00

0.830536E-04

0 319619E+00

0 863605E-04

0 290747E+00

0 895620E-04

0 279839E+00

0 928435E-04

0 315149E+00

0 961393E-04

0 316246E+00

0 993817E-04

0 303006E+00

0 I02641E-03

0 303635E+00

0 I05947E-03

0 302272E+00

0 I09221E-03

0 284722E+00

0 I12436E-03

0 266901E+00

0 I15655E-03

0 255835E+00

0 I18891E-03

0 243281E+00

0 122065E-03

0 223411E+00

0 125216E-03

0 209451E+00

0 128571E-03

0 196891E+00

0 132141E-03

0 165820E+00

0 135414E-03

0 135557E+00

0 138538E-03

0 I17190E+00

0 000000E+00

0 000000E+00
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7.3 Hypersonic cone

1

2

3

4

5

6

7

8

9

i0

ii

12

13

14

15

16

17

18

19

20

21

22

23

24

25

xlc

cfy

0.500000E-02

0.000000E+00

0.600000E-02

0.000000E+00

0.700000E-02

0.000000m+00

0.800000E-02

0.000000E+00

0.900000E-02

0.000000E+00

0.100000E-01

0.000000E+00

0.120000E-01

0.000000E+00

0.140000E-01

0.000000E+00

0.160000E-01

0.000000E+00

0.180000E-01

0.000000E+00

0.200000E-01

0.000000E+00

0.220000E-01

0.000000E+00

0.240000E-01

0.000000E+00

0.260000E-01

0 000000E+00

0 280000E-01

0 000000E+00

0 300000E-01

0 000000E+00

0 350000E-01

0 000000E+00

0 400000E-01

0 000000E+00

0 450000E-01

0 000000E+00

0 500000E-01

0 000000E+00

0 550000E-01

0 000000E+00

0 600000E-01

0 000000g+00

0 650000E-01

0 000000E+00

0 700000E-01

0 000000E+00

0 750000E-01

0 000000E+00

cfx

dspty

0 000000E+00

0 000000E+00

0 628591E-02

0 000000E+00

0 474071E-02

0 000000E+00

0 407778E-02

0 000000E+00

0 367952E-02

0 000000E+00

0 340323E-02

0 000000E+00

0 302557E-02

0 000000E+00

0 276607E-02

0 000000E+00

0 256892E-02

0 000000E+00

0 241072E-02

0 000000E+00

0 227945E-02

0 000000E+00

0 216802E-02

0 000000E+00

0 207179E-02

0 000000E+00

0 198757E-02

0 000000E+00

0 191302E-02

0 000000E+00

0 184643E-02

0 000000E+00

0 170687E-02

0 000000E+00

0 159549E-02

0 000000E+00

0 150338E-02

0 000000E+00

0 142559E-02

0 000000E+00

0 135890E-02

0 000000E+00

0 130070E-02

0 000000E+00

0 124949E-02

0 000000E+00

0 120381E-02

0 000000E+00

0 I16288E-02

0.000000E+00

blth

thmoy

0.000000E+00

0 000000E+00

0 130625E-03

0 000000E+00

0 172452E-03

0 000000E+00

0 199896E-03

0 000000E+00

0 221067E-03

0 000000E+00

0 239033E-03

0 000000E+00

0 268638E-03

0 000000E+00

0 293948E-03

0 000000E+00

0 316509E-03

0 000000E+00

0 337936E-03

0 000000E+00

0 357772E-03

0 000000E+00

0 376294E-03

0 000000E+00

0 393850E-03

0 000000E+00

0 410864E-03

0 000000E+00

0 427084E-03

0 000000E+00

0 442612E-03

0 000000E+00

0 478839E-03

0 000000E+00

0 512077E-03

0 000000E+00

0 543287E-03

0 000000E+00

0 573147E-03

0 000000E+00

0 601427E-03

0 000000E+00

0 628449E-03

0 000000E+00

0 654282E-03

0.000000E+00

0.679158E-03

0.000000E+00

0.703091E-03

0.000000E+00

dsptx
twall

0 000000E+00

0 316999E+03

0 I00913E-03

0 316999E+03

0 133553E-03

0 316999E+03

0 154997E-03

0 316999E+03

0 171620E-03

0 316999E+03

0 185525E-03

0 316999E+03

0 208605E-03

0 316999E+03

0 228179E-03

0 316999E+03

0 245801E-03

0 316999E+03

0 262080E-03

0 316999E+03

0 277311E-03

0 316999E+03

0 291676E-03

0 316999E+03

0 305306E-03

0 316999E+03

0 318301E-03

0 316999E+03

0 330744E-03

0 316999E+03

0.342701E-03

0.316999E+03

0.370748E-03

0.316999E+03

0.396637E-03

0.316999E+03

0 420941E-03

0 316999E+03

0 443917E-03

0 316999E+03

0 465707E-03

0 316999E+03

0 486554E-03

0 316999E+03

0 506501E-03

0 316999E+03

0 525724E-03

0 316999E+03

0 544229E-03

0 316999E+03

thmox

qw

0 000000E+00

0 000000E+00

0 538282E-05

0 I01339E+06

0 711912E-05

0 764025E+05

0 825610E-05

0 657031E+05

0 913739E-05

0 592819E+05

0 987604E-05

0 548330E+05

0 III012E-04

0 487516E+05

0 121416E-04

0 445744E+05

0 130806E-04

0 414023E+05

0 139495E-04

0 388572E+05

0 147630E-04

0 367445E+05

0 155302E-04

0 349501E+05

0 162579E-04

0 333998E+05

0 169515E-04

0 320423E+05

0 176154E-04

0 308406E+05

0 182531E-04

0 297668E+05

0 197485E-04

0 275162E+05

0 211283E-04

0 257198E+05

0 224236E-04

0 242346E+05

0 236481E-04

0 229803E+05

0 248093E-04

0 219052E+05

0 259202E-04

0 209668E+05

0 269832E-04

0 201412E+05

0 280075E-04

0 194048E+05

0 289936E-04

0 187450E+05
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26

27

28

29

3O

31

32

33

34

35

36

37

38

39

4O

41

42

43

44

45

46

47

48

49

5O

51

52

53

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

800000E-01

000000E+00

850000E-01

000000E+00

900000E-01

000000E+00

950000E-01

000000E+00

970000E-01

000000E+00

990000E-01

000000E+00

101000E+00

000000E+00

103000E+00

000000E+00

105000E+00

000000E+00

107000E+00

000000E+00

109000E+00

000000E+00

III000E+00

000000E+00

II3000E+00

000000E+00

II5000E+00

000000E+00

125000E+00

000000E+00

135000E+00

000000E+00

145000E+00

000000E+00

155000E+00

000000E+00

165000E+00

000000E+00

175000E+00

000000E+00

185000E+00

000000E+00

195000E+00

000000E+00

.205000E+00

.000000E+00

.215000E+00

.000000E+00

.225000E+00

.000000E+00

0.235000E+00

0.000000E+00

0.245000E+00

0.000000E+00

0.255000E+00

0.000000E+00

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

I12581E-02 0

000000E+00 0

I09213E-02 0

000000E+00 0

I06125E-02 0

000000E+00 0

I03284E-02 0

000000E+00 0

173760E-02 0

000000E+00 0

206746E-02 0

000000E+00 0

227347E-02 0

000000E+00 0

.241863E-02 0

.000000E+00 0

.252802E-02 0

.000000E+00 0

.261392E-02 0

.000000E+00 0

.268318E-02 0

.000000E+00 0

.274005E-02 0

000000E+00 0

278733E-02 0

000000E+00 0

282702E-02 0

000000E+00 0

295952E-02 0

000000E+00 0

302481E-02 0

000000E+00 0

305333E-02 0

000000E+00 0

306254E-02 0

000000E+00 0

306189E-02 0

000000E+00 0

305632E-02 0

000000E+00 0

304839E-02 0

000000E+00 0

303956E-02 0

000000E+00 0

303049E-02 0

000000E+00 0

302154E-02 0

000000E+00 0

301291E-02 0

000000E+00 0

300468E-02 0

000000E+00 0

299689E-02 0

000000E+00 0

298954E-02 0

000000E+00 0

726265E-03 0

000000E+00 0

748665E-03 0

000000E+00 0

770447E-03 0

000000E+00 0

791632E-03 0

.000000E+00 0

.753936E-03 0

.000000E+00 0

.718314E-03 0

.000000E+00 0

.690004E-03 0

.000000E+00 0

.668187E-03 0

.000000E+00 0

.650370E-03 0

000000E+00 0

636766E-03 0

000000E+00 0

625154E-03 0

000000E+00 0

615407E-03 0

000000E+00 0

607552E-03 0

000000E+00 0

600424E-03 0

000000E+00 0

574461E-03 0

000000E+00 0

559251E-03 0

000000E+00 0

552099E-03 0

000000E+00 0

550301E-03 0

000000E+00 0

551563E-03 0

000000E+00 0

555210E-03 0

000000E+00 0

559412E-03 0

000000E+00 0

564093E-03 0

000000E+00 0

569255E-03 0

000000E+00 0

574115E-03 0

000000E+00 0

578621E-03 0

000000E+00 0

583684E-03 0

000000E+00 0

588395E-03 0

000000E+00 0

592743E-03 0

000000E+00 0

.562157E-03

.316999E+03

.579492E-03

.316999E+03

.596355E-03

.316999E+03

612760E-03

.316999E+03

573713E-03

.316999E+03

539133E-03

.316999E+03

512221E-03

.316999E+03

491556E-03

.316999E+03

475395E-03

316999E+03

462452E-03

316999E+03

451868E-03

316999E+03

443074E-03

316999E+03

435683E-03

316999E+03

429418E-03

316999E+03

407479E-03

316999E+03

396181E-03

316999E+03

391620E-03

316999E+03

390896E-03

316999E+03

392237E-03

316999E+03

394647E-03

316999E+03

397593E-03

316999E+03

400756E-03

316999E+03

403985E-03

316999E+03

407193E-03

316999E+03

410333E-03

316999E+03

413379E-03

316999E+03

416318E-03

316999E+03

419147E-03

316999E+03

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

299488E-04

181473E+05

308726E-04

176044E+05

317710E-04

171067E+05

326452E-04

166487E+05

319390E-04

268610E+05

306585E-04

317821E+05

294100E-04

349898E+05

283353E-04

373565E+05

274318E-04

392156E+05

266692E-04

407277E+05

260194E-04

419839E+05

254606E-04

430422E+05

249768E-04

439427E+05

245556E-04

447144E+05

229890E-04

473867E+05

220893E-04

488197E+05

216500E-04

495480E+05

214881E-04

498811E+05

214830E-04

499955E+05

215631E-04

499912E+05

216884E-04

499233E+05

218349E-04

498252E+05

219903E-04

497136E+05

0 221477E-04

0 495980E+05

0.223033E-04

0.494836E+05

0.224548E-04

0.493732E+05

0.226011E-04

0.492682E+05

0.227417E-04

0.491690E+05
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54

55

56

57

58

0 265000E+00

0 000000E+00

0 275000E+00

0 000000E+00

0 285000E+00

0 000000E+00

0 295000E+00

0 000000E+00

0 305000E+00

0 000000E+00

0 298258E-02

0 000000E+00

0 297607E-02

0 000000E+00

0 296995E-02

0 000000E+00

0 296419E-02

0 000000E+00

0 295875E-02

0 000000E+00

0 596735E-03

0 000000E+00

0 600944E-03

0 000000E+00

0 605068E-03

0 000000E+00

0 608888E-03

0 000000E+00

0 612409E-03

0 000000E+00

0 421872E-03

0 316999E+03

0 424479E-03

0 316999E+03

0 426978E-03

0 316999E+03

0 429374E-03

0 316999E+03

0 431673E-03

0 316999E+03

0 228769E-04

0 490751E+05

0 230059E-04

0 489877E+05

0 231291E-04

0 489059E+05

0 232468E-04

0 488291E+05

0 233594E-04

0 487570E+05



7.4 Axisymmetric engine nacelle

1

2

3

4

5

6

7

8

9

I0

II

12

13

14

15

16

17

18

19

20

21

22

23

24

25

0
0
0

0
0

0
0

0
0
0
0
0

0
0
0
0

0
0
0

0
0
0

0
0

0
0
0
0
0
0

0
0

0
0

0
0
0

0
0

0
0

0

0

0

0

0

0

0

0

0

x/c cfx blth dsptx

cfy dspty thmoy twall

373416E-02 0

000000E+00 0

218875E-02 0

000000E+00 0

000000E+00 0
000000E+00 0

145997E-02 0

000000E+00 0

561097E-02 0

000000E+00 0
II1812E-01 0

000000E+00 0

176662E-01 0

000000E+00 0
251550E-01 0

000000E+00 0

335804E-01 0

000000E+00 0
428933E-01 0

000000E+00 0

530432E-01 0

000000E+00 0

639961E-01 0

000000E+00 0
757222E-01 0

000000E+00 0
881880E-01 0

000000E+00 0
I01362E+00 0

000000E+00 0

I15218E+00 0

000000E+00 0

129732E+00 0

000000E+00 0
144886E+00 0

000000E+00 0
160664E+00 0

000000E+00 0

177052E+00 0

000000E+00 0

194037E+00 0

.000000E+00 0
211606E+00 0

000000E+00 0
229749E+00 0

000000E+00 0

248454E+00 0

000000E+00 0

267710E+00 0

000000E+00 0

000000E+00

000000E+00

162810E-01

000000E+00

604084E-02

000000E+00

.367783E-02

.000000E+00

.235163E-02

.000000E+00

125468E-02

000000E+00

701414E-03

000000E+00

503271E-03

000000E+00

410599E-03

000000E+00

389267E-03

000000E+00

395935E-03

000000E+00

392345E-03

000000E+00

359495E-03

000000E+00

312134E-03

000000E+00

276467E-03

000000E+00

265231E-03

000000E+00

273282E-03

000000E+00

289138E-03

000000E+00

302779E-03

000000E+00

308940E-03

000000E+00

307959E-03

000000E+00

302694E-03

000000E+00

295679E-03

000000E+00

288261E-03

000000E+00

280948E-03

000000E+00

0.000000E+00

0.000000E+00

0.649704E-03

0.000000E+00

0.778570E-03

0.000000E+00

0 951187E-03

0 000000E+00

0 130662E-02

0 000000E+00

0 174349E-02

0 000000E+00

0 217831E-02

0 000000E+00

0 257521E-02

0 000000E+00

0 294645E-02

0 O00000E+O0

0 327812E-02

0 000000E+00

0 357713E-02

0 000000E+00

0 387022E-02

0 000000E+00

0 418669E-02

0 000000E+00

0 452897E-02

0 000000E+00

0 486913E-02

0 000000E+00

0 517285E-02

0 000000E+00

0 543096E-02

0 000000E+00

0 565398E-02

0 000000E+00

0 585929E-02

0 000000E+00

0 606272E-02

0 000000E+00

0 627200E-02

0 000000E+00

0 648871E-02

0 000000E+00

0 670995E-02

0 000000E+00

0 693435E-02

0 000000E+00

0 715934E-02

0 000000E+00

78

0.000000E+00

0.000000E+00
0.164296E-03

0.446464E+03

0.201441E-03

0 443914E+03

0 263736E-03

0 438654E+03

0 398167E-03

0 434196E+03

0 598226E-03

0 433090E+03

0 823670E-03

0 433571E+03

0 I02513E-02

0 434200E+03

0 120198E-02

0 434770E+03

0 133903E-02

0 435183E+03

0 144198E-02

0 435428E+03

0 153890E-02

0 435557E+03

0 165871E-02

0 435659E+03

0 180597E-02

0 435793E+03

0 195564E-02

0 435946E+03

0 207565E-02

0 436074E+03

0 215548E-02

0 436149E+03

0 220556E-02

0 436161E+03

0 224417E-02

0 436118E+03

0 228630E-02

0 436040E+03

0 233826E-02

0 435946E+03

0 239965E-02

0 435851E+03

0 246756E-02

0 435760E+03

0 253932E-02

0 435672E+03

0 261331E-02

0 435588E+03

thmox

qw

0 000000E+00

0 000000E+00

0 727296E-04

-0 193601E+00

0 856589E-04

-0 I09754E+01

0 I00272E-03

-0 212606E+01

0 134613E-03

-0 I12155E+01

0 185629E-03

-0 349651E-01

0 239134E-03

0 867581E-01

0 287813E-03

0 584770E-01

0 334112E-03

0 426648E-01

0 377128E-03

0 279242E-01

0 416248E-03

0 151245E-01

0 452737E-03

0 904173E-02

0 489669E-03

0 130545E-01

0 528775E-03

0 182800E-01

0 568240E-03

0 181670E-01

0 605288E-03

0 136696E-01

0 638392E-03

0 669523E-02

0 667044E-03

-0 144470E-02

0 691956E-03

-0 864108E-02

0 714780E-03

-0 129254E-01

0.737101E-03

-0.144695E-01

0.759753E-03

-0.146568E-01

0 782921E-03

-0 145427E-01

0 806510E-03

-0 144964E-01

0 830392E-03

-0 145445E-01



26

27

28

29

30

31

32

33

34

35

36

37

38

39

4O

41

0 287509E+00

0 000000E+00

0 307841E+00

0 000000E+00

0 328698E+00

0 000000E+00

0.350070E+00

0.000000E+00

0.371952E+00

0.000000E+00

0.394334E+00

0.000000E+00

0.417210E+00

0.000000E+00

0.440574E+00

0 000000E+00

0 464419E+00

0 000000E+00

0 488738E+00

0 000000E+00

0 513524E+00

0 000000E+00

0 538772E+00

0 000000E+00

0 564476E+00

0 000000E+00

0 590632E+00

0 000000E+00

0 617239E+00

0 000000E+00

0 644292E+00

0 000000E+00

0 273879E-03

0 000000E+00

0 267085E-03

0 000000E+00

0 260551E-03

0 000000E+00

0 254176E-03

0 000000E+00

0 247719E-03

0 000000E+00

0 240749E-03

0 000000E+00

0 232856E-03

0 000000E+00

0 224178E-03

0 000000E+00

0 216113E-03

0 000000E+00

0 211817E-03

0 000000E+00

0 215325E-03

0 000000E+00

0 227689E-03

0 000000E+00

0.240595E-03

0.000000E+00

0.233491E-03

0.000000E+00

0.173675E-03

0.000000E+00

0.000000E+00

0.000000E+00

0 738459E-02

0 000000E+00

0 761104E-02

0 000000E+00

0 783843E-02

0 000000E+00

0 806708E-02

0 000000E+00

0 829838E-02

0 000000E+00

0 853478E-02

0 000000E+00

0 877912E-02

0 000000E+00

0 903265E-02

0 000000E+00

0 929317E-02

0 000000E+00

0 954539E-02

0 000000E+00

0 976756E-02

0 000000E+00

0 994758E-02

0 000000E+00

0 I01185E-01

0 000000E+00

0 I03707E-01

0 000000E+00

0 I09444E-01

0 000000E+00

0 000000E+00

0 000000E+00

0.268874E-02

0.435507E+03

0.276523E-02

0.435427E+03

0.284269E-02

0.435349E+03

0 292135E-02

0 435272E+03

0 300203E-02

0 435197E+03

0 308644E-02

0 435126E+03

0 317678E-02

0 435062E+03

0 327404E-02

0 435006E+03

0 337450E-02

0 434959E+03

0 346570E-02

0 434909E+03

0 352770E-02

0 434839E+03

0 354934E-02

0 434723E+03

0 355615E-02

0 434554E+03

0 362707E-02

0 434386E+03

0 394885E-02

0 434385E+03

0 000000E+00

0 000000E+00

0 854485E-03

-0 146367E-01

0 878752E-03

-0 147443E-01

0 903194E-03

-0 148422E-01

0 927858E-03

-0 148569E-01

0 952871E-03

-0 146227E-01

0 978486E-03

-0 138521E-01

0 I00505E-02

-0 123398E-01

0 I03282E-02

-0 I03677E-01

0 I06154E-02

-0 909932E-02

0 I08994E-02

-0 I07338E-01

0 II1567E-02

-0 181953E-01

0.I13653E-02

-0 331862E-01

0 I15374E-02

-0 481426E-01

0 I17656E-02

-0 374389E-01

0 123058E-02

0 149628E-01

0 000000E+00

0 000000E+00
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7.5 Ellipsoid of revolution along windward plane of symmetry

i

1

2

3

4

5

6

7

8

9

i0

Ii

12

13

14

15

16

17

18

19

20

x/c cfx blth dsptx thmox

cfy dspty thmoy twall qw

0.400000E-02

0.000000g+00

0.450000E-02

0.000000E+00

0.500000E-02

0.000000E+00

0.550000E-02

0.000000E+00

0.600000E-02

0.000000E+00

0.800000E-02

0.000000E+00

0.100000E-01

0.000000E+00

0.120000E-01

0.000000E+00

0.140000E-01

0.000000E+00

0.160000E-01

0.000000E+00

0.180000E-01

0.000000E+00

0.200000E-01

0 000000E+00

0 220000E-01

0 000000E+00

0 240000E-01

0 000000E+00

0 260000E-01

0 000000E+00

0 280000E-01

0 000000E+00

0 300000E-01

0 000000E+00

0 320000E-01

0 000000E+00

0 340000E-01

0 000000E+00

0 360000E-01

0 000000E+00

0 000000E+0

0 000000E+0

0 762597E-0

0 000000E+0

0 728950E-0

0 000000E+0

0 680647E-0

0 000000E+0

0 634669E-0

0 000000E+0

0 502922E-0

0 000000E+0

0 420724E-0

0 000000E+0

0 364407E-0

0 000000E+0

0 323392E-0

0 000000E+0

0 292091E-0

0 000000E+0

0 267302E-0

0 000000E+0

0 247096E-0

0 000000E+0

0 230253E-0

0 000000E+0

0 215956E-0

0 000000E+0

0 203640E-0

0 000000E+0

0 192900E-0

0 000000E+0

0 183441E-0

0 000000E+0

0 175036E-0

0 000000E+0

0 167511E-0

0.000000E+0

0.161442E-0

0.000000E+0

0 0

0 0

1 0

0 0

1 0

0 0

1 0

0 0

1 0

0 0

1 0

0 0

1 0

0 0

1 0

0 0

1 0

0 0

1 0

0 0

1 0

0 0

1 0

0 0

1 0

0 0

1 0

0 0

1 0

0 0

1 0

0 0

1 0

0 0

1 0

0 0

1 0

0 0

1 0

0 0

000000E+00 0

000000E+00 0

I15106E-02 0

000000E+00 0

I06555E-02 0

000000E+00 0

I01057E-02 0

000000E+00 0

984121E-03 0

000000E+00 0

951446E-03 0

000000E+00 0

965137E-03 0

000000E+00 0

995366E-03 0

000000E+00 0

I02208E-02 0

000000E+00 0

I05039E-02 0

000000E+00 0

I07384E-02 0

000000E+00 0

II0036E-02 0

000000E+00 0

I12447E-02 0

000000E+00 0

I14627E-02 0

000000E+00 0

I16935E-02 0

000000E+00 0

I19281E-02 0

000000E+00 0

121460E-02 0

000000E+00 0

123509E-02 0

000000E+00 0

125490E-02 0

000000E+00 0

127630E-02

.000000E+00

000000E+00

000000E+00

294283E-03

520259E+03

273060E-03

520259E+03

264054E-03

520258E+03

260747E-03

520258E+03

260638E-03

520256E+03

267585E-03

520255E+03

276117E-03

520254E+03

284682E-03

520253E+03 -0

292961E-03 0

520252E+03 -0

300960E-03 0

520251E+03 -0

308734E-03 0

520250E+03 -0

316328E-03 0

520249E+03 -0

323768E-03 0

520248E+03 -0

331073E-03 0

520247E+03 -0

338258E-03 0

520246E+03 -0

345326E-03 0

520245E+03 -0

352284E-03 0

520244E+03 -0

359137E-03 0

520244E+03 -0

0.365285E-03 0

0.520243E+03 -0

0 000000E+00

0 000000E+00

0 130723E-03

-0 274508E-02

0 120332E-03

-0 335102E-02

0 I15054E-03
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7.6 Ellipsoid of revolution along leeward plane of symmetry

i

1

2

3

4

5

6

7

8

9

i0

ii

12

13

14

15

16

17

18

19

20

x/c cfx blth dsptx thmox

cfy dspty thmoy twall qw

0.400000E-02

0.000000E+00

0.450000E-02

0 000000E+00

0 500000E-02

0 000000E+00

0 550000E-02

0 000000E+00

0 600000E-02

0 000000E+00

0 800000E-02

0 000000E+00

0 100000E-01

0 000000E+00

0 120000E-01

0 000000E+00

0 140000E-01

0 000000E+00

0 160000E-01

0 000000E+00

0 180000E-01

0 000000E+00

0 200000E-01

0 000000E+00

0 220000E-01

0 000000E+00

0 240000E-01

0 000000E+00

0 260000E-01

0 000000E+00

0 280000E-01

0 000000E+00

0 300000E-01

0 000000E+00

0 320000E-01

0 000000E+00

0 340000E-01

0 000000E+00

0 360000E-01

0 000000E+00

0 000000E+00

0 000000E+00

0 321218E-01

0 000000E+00

0 292291E-01

0 000000E+00

0 274982E-01

0 000000E+00

0 261933E-01

0 000000E+00

0 225559E-01

0 000000E+00

0 201938E-01

0 000000E+00

0 184437E-01

0 000000E+00

0 170506E-01

0 000000E+00

0 158981E-01

0 000000E+00

0 149219E-01

0 000000E+00

0 140812E-01

0 000000E+00

0 133477E-01

0 000000E+00

0 127009E-01

0 000000E+00

0 121253E-01

0 000000E+00

0 I16091E-01

0 000000E+00

0 II1429E-01

0 000000E+00

0 I07194E-01

0 000000E+00

0 I03326E-01

0 000000E+00

0 100190E-01

0 000000E+00

0 000000E+00

0 000000E+00

0 784167E-03

0 000000E+00

0 821668E-03

0 000000E+00

0 850371E-03

0 000000E+00

0 875234E-03

0 000000E+00

0 945531E-03

0 000000E+00

0 996408E-03

0 000000E+00

0 I03881E-02

0 000000E+00

0 I07739E-02

0 000000E+00

0 II1213E-02

0 000000E+00

0 I14456E-02

0 000000E+00

0 I17782E-02

0 000000E+00

0 120929E-02

0 000000E+00

0 123931E-02

0 000000E+00

0 126807E-02

0 000000E+00

0 129757E-02

0 000000E+00

0 132689E-02

0 000000E+00

0 135515E-02

0 000000E+00

0 138247E-02

0 000000E+00

0 140831E-02

0 000000E+00

0

0
0

0
0

0
0
0
0
0

0
0
0
0

0
0

0
0

0
0

0
0
0
0
0
0
0

0

0
0
0

0
0

0
0
0
0

0
0
0

000000E+00 0

000000E+00 0

217507E-03 0

520253E+03 -0

231428E-03 0

520250E+03 -0

240952E-03 0

520248E+03 -0

248208E-03 0

520247E+03 -0

268665E-03 0

520243E+03 -0

283017E-03 0

520241E+03 -0

294983E-03 0

520239E+03 -0

306002E-03 0

520238E+03 -0

316576E-03 0

520236E+03 -0

326881E-03 0

520235E+03 -0

336977E-03 0

520233E+03 -0

346896E-03 0

520232E+03 -0

356655E-03 0

520231E+03 -0

366265E-03 0

520230E+03 -0

375739E-03 0

520229E+03 -0

385087E-03 0

520229E+03 -0

394315E-03 0

520228E+03 -0

403430E-03 0

520227E+03 -0

411904E-03 0

520227E+03 -0

000000E+00

000000E+00

918193E-04

876983E-02

970987E-04

839545E-02

I01107E-03

850976E-02

I04313E-03

864227E-02

I13260E-03

905064E-02

I19414E-03

926889E-02

124414E-03

929852E-02

128910E-03

918767E-02

133153E-03

898171E-02

137243E-03

871521E-02

141224E-03

841304E-02

145116E-03

809191E-02

148931E-03

776332E-02

152677E-03

743518E-02

156361E-03
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7.7 Infinite swept cylider along tile leading-edge a,ttaclmlent line

i x/c cfx blth dsptx thmox

cry dspty thmoy twall qw

1 0.100000E-01

0.000000E+00

2 0.200000E-01

0.000000E+00

3 0.300000E-01

0.000000E+00

4 0.400000E-01

0.000000E+00

0 227267E-02

0 000000E+00

0 227267E-02

0 000000E+00

0 227267E-02

0 000000E+00

0 227267E-02

0 000000E+00

0 212016E-02

0 000000E+00

0 212016E-02

0 000000E+00

0 212016E-02

0 000000E+00

0 212016E-02

0 000000E+00
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0 521493E+03
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0 521493E+03
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0 260441E-03

0 222093E-07
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0 260441E-03
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7.8 Swept-back wing
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.829711E-03

869714E-04
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0 476083E+03

0 548166E-03

0 476451E+03

0 556812E-03

0 476799E+03

thmox
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-0 351638E-04
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-0 729616E-01

0 649066E-04
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0 712194E-04

-0 184495E+00
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0 I17558E-03
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0 621346E-02
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0 644903E-02

0 578784E-03

0 670440E-02
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0 594063E-03

0 394345E-02

0 767111E-03

0 313802E-02

0 911435E-03
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0 I02506E-02
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0 I12561E-02

0 260168E-02

0 122766E-02

0 251322E-02

0 133404E-02

0 239502E-02

0 147390E-02

0 232022E-02

0 155986E-02

0 227911E-02

0 164967E-02

0 226365E-02

0 180120E-02

0 229420E-02

0 194051E-02

0 179429E-02

0 176765E-03

0 183724E-02

0 179963E-03
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0 182584E-03

0 193499E-02

0 186338E-03
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0 189273E-03

0 204009E-02

0 191920E-03

0 208417E-02

0 194349E-03

0 212460E-02

0 196592E-03

0.216111E-02

0.198581E-03
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0.200293E-03
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0 202905E-03
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0 279693E-02

0 273455E-03

0 302247E-02

0 302347E-03

0 323873E-02

0 328922E-03

0 345275E-02

0 354951E-03

0 367205E-02

0 380867E-03

0 393646E-02

0 410803E-03

0 407961E-02

0 427664E-03

0 423750E-02

0 446153E-03

0 451179E-02

0 479014E-03

0 475976E-02

0 510110E-03

0 564001E-03

0 477103E+03

0 570528E-03

0 477356E+03

0 576336E-03

0 477570E+03

0 586482E-03

0 477881E+03

0 596669E-03

0 478120E+03

0 606964E-03

0 478334E+03

0 616575E-03

0 478548E+03

0 625776E-03

0 478753E+03

0 634319E-03

0 478949E+03

0 642279E-03

0 479133E+03

0 649792E-03

0.479302E+03

0 657027E-03

0 479456E+03

0 837342E-03

0 478408E+03

0 994587E-03

0 476932E+03

0 I12313E-02

0 475778E+03

0 123934E-02

0 474868E+03

0 135522E-02

0 474151E+03

0 147118E-02

0 473632E+03

0 161111E-02

0 473351E+03

0 169164E-02

0 473302E+03

0 177448E-02

0 473282E+03

0 191354E-02

0 473267E+03

0 204084E-02

0 473277E+03

0 212525E-03

-0 I09966E+00

0 214842E-03

-0 I13198E+00

0 216784E-03

-0 I16654E+00

0 219823E-03

-0 125483E+00

0 222523E-03

-0 133606E+00

0 225085E-03

-0 139685E+00

0 227413E-03

-0 145350E+00

0 229560E-03

-0 152037E+00

0 231463E-03

-0 159236E+00

0 233141E-03

-0 167645E+00

0 234626E-03

-0 177352E+00

0 235965E-03

-0 188119E+00

0 272363E-03

-0 670153E-02

0 306064E-03

-0 559573E-02

0 336483E-03

-0 507192E-02

0 365323E-03

-0 452597E-02

0.394160E-03

-0.323506E-02

0 423057E-03

-0 164004E-02

0 456416E-03

0 642064E-03

0 475463E-03

0 150493E-02

0 496192E-03

0 151861E-02

0 532796E-03

0 137205E-02

0 567603E-03

0 128328E-02
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Figure 11. PressureDist.ribution (SweptWing, Moo = 0.80)
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CALL INPUT

I ICALL EDGECON

! 1

KASE=0,1,2
!

KSHALE=0 ]CALL STAGPT

KASE=0,1,2 ICALL COEF

I

KASE=0,1,2 ICALL BLPARA

I KASE=4,5CALL WING

I KSHALE=ICALL COEF1

L

I KASE=3CALL COEFLE 1

CALL SOLVE

I

I KASE=4,5 |CALL COWINGI]

DO LOOP for I=2,IMAX

CALL COEFLE

1
CALL SOLVE

+
I ICALL COWING

I

,.Lif convergence fail s

I KASE=3 ICALL BLPAR3

T

KASE=4,5CALL BLPAR4 I

CALL OUTEMAL I

I

NO

I CALL OUTPUT I

CALL OUTCOS

m .4m,,.

Figu,'c 17. Flow cha.rt of BLSTA
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